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PREFACE 


The fifth edition of this text keeps pace with the rapid changes 
in theory, and their application to industry, that have taken 
place since the appearance of the previous edition. The concepts 
of electrovalence, covalence, and coordinate covalence are freely 
used, as is the theory of practically complete ionization of salts 
and the strongest acids and bases. The discussion of the structure 
of the atom is introduced very early and repeated frequently. 
Relative sizes of ions in crystals arc given attention. 

Nuclear chemistry, with the modern development of uranium 
fission and atomic energy, is given extended treatment. The 
improved long form of the Table of Atomic Numbers introduc- 
ing the newest elements in an actinide series is an added feature. 
The Bronsted theory of acids and bases is developed in a sepa- 
rate chapter with the application optional. 

The metals are classified according to methods of preparation 
rather than by the common tiresome encyclopedic arrangement. 
However, compounds of the metals, their properties and uses, 
arc arranged approximately in accordance with their periodic 
grouping. The growing practice of bringing qualitative analysis 
into the second semester of the first year course is greatly aided 
by earlier introduction of compounds of the metals. 

Industrial applications arc brought up to date with special 
emphasis on synthetic rubber, the synthetic fibers, plastics, 
petroleum chemistry and the newer synthetic drugs. New teach- 
ing aids such as charts and tables arc used freely. An extended 
form of the activity series of metals is introduced. 


VI 


PREFACE 


In general the aim of this text is to lay an adequate foundation 
for advanced chemistry while training citizens in appreciation 
and understanding of scientific thinking. 

Special credit is due the following for generous permission to 
reproduce illustrations or text material: The Journal of Chemical 
Education; Industrial and Engineering Chemistry; Chemical 
and Metallurgical Engineering; General Motors Corporation; 
Life Magazine; United States Steel Corporation; General 
Electric Company; August E. Miller; Emil Ott; Sidney French; 
and Chemical Industries. Thanks arc also due to Professors 
L. E. Steiner and J. A. Campbell of Oberlin College for helpful 
advice. 


H. N. H. 
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Chapter i basic principles 


This Chemical Age. Every member of this class enjoys the bene- 
fits of chemistry. His means of transportation to college — by 
auto, train or plane — was connected with the chemical prepara- 
tion of strong materials and excellent fuels. His clothing was 
chemically bleached or dyed, perhaps made of synthetic fibers 
and the books under his arm were made of chemically treated 

paper, prepared inks, and glue. 

If he desires relaxation from exhausting study, the student may 
enjoy the results of the chemist’s skill in producing transparent 
flexible movie film coated with sensitive silver bromide, that is 
chemically changed by light into an interesting pattern ol 

pictures. . . 

Our civilization rests upon chemical foundations. When prmn- 

live man first employed fire as a tool, he accentuated the differ- 
ences between man and the other animals. And fire is the chon..- 
cal tool which made possible the Bronze Age, the Iron Age, and 

the Age of Machinery. . 

Think of surgery without anesthetics and antiseptics; ol an - 

ships without light, strong alloys, and without gas or gasoline; 

of clothing without dyes; painting without colored pigments V e 

might almost as well try to build bridges and office buildings 

without steel and concrete; to dig tunnels and a Panama Canal 

without explosives. . , , 

The greatest advances in medicine are now chemical, where 

once they were biological. Our attack upon disease by beneficent 
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drugs is chemical. So is the digestion of food. So are the most 
vital processes of animal and plant growth. 

The dollar measure of chemical industries shows the great 
importance of 


Petroleum 

Drills and Medicines 

Rayon, Nylon 

Leather 

Manufactured Gas 

Lime 

Paper 

Brick and Clay Products 

Cement 

Rubber 

Coal By-products 

Paints 

Sugar 

Fertilizers 

Fats 

Glass 

Explosives 

Soaps 

Plastics 

Cosmetics 

Dyes 


What Is Chemistry? Chemistry treats of the composition and 
changes in composition of substances. It is also concerned with their 
properties and their energy relations. Like all the other sciences 
chemistry classifies observed facts for use. 

We may go further and state that chemistry deals with the 
detection of substances, their separation from mixtures, and their 
preparation. 



' !l - Election »\ 'ii! >•>! atu i- mana-ed m.wcII by chemists that, 

‘ ‘ ni( '" ’• vapor in 20, <)()() QQO 

^ . , o, ( M,i. l c k< . milL: ,, l - rrcoalcd 

"" e •ii-irniiHis N-allld;'. 

impurities is 

'■ ' n 1 M.U1 from the sand or rock in 
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which it occurs and by the removal of the rare gas krypton from 
air in which it occurs to the extent of one part in 1,000,000. 

The preparation of desired substances is so familiar to the 
chemist that he makes thousands of useful compounds not found 


in nature. 

Problems to be solved are pressing on the chemist from every 
side. It is only about fifty years since eminent scientists were con- 
vinced of the sure and terrible approach of a world wheat 
famine. Their estimates were based on the exhaustion of then 
known fertilizer sources. The chemist accepted this challenge and 
indefinitely postponed the threatened famine by “fixing” the 
limitless nitrogen of the air, and converting it into fertilizer 
acceptable to plants — one of the most important achievements 

of modern science. 

The cost of Chilean nitrate fertilizer was cut in half after 1914 
by Haber’s great research in converting the free nitrogen ol the 
air into useful compounds. We are warned that petroleum will be 
exhausted in much less than a century, with the result that autos 
will lack gasoline, ships will lack fuel oil, and modern machinery 
will lack lubricants. The chemist has already looked ahead to this 
crisis and now knows how to meet it successfully with the syn- 
thesis of liquid fuel from coal. The physicist, chemist, and chemi- 
cal engineer have given us atomic power. 


“Today every fourth worker employed in the United States is at work in 
industries no. in existence, or jus. starting in 1900. And every one of these new 
industries was founded by research.” (Clarence I rancis.) 


In normal years this country spends $500,000,000 on indus- 
trial research, much of it chemical. It is an excellent investment. 
Chemical research has improved nearly everything about our 
motor cars and lowered their cost. In a quarter of a century tires 
were improved to give four times the mileage at one-th.rd the 
cost. Our personal safety, too, is greater because of safety glass 

windows and vanadium steel axles. 

The vital service of chemistry in war is still fresh in our mem- 
ory. Super explosives, 100-octane gasoline for military airplanes, 
fuels to drive rockets 3000 miles per hour, the sulfa drugs, 
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penicillin, new antimalarials, insect repellents, more effective rat 
poisons, weed killers, clothing and tents to resist mildew and 
moisture, plastics for many purposes, special alloys for planes — 
these are only a fraction of the number of great contributions of 
chemical research to national safety. The epoch-making develop- 
ment of atomic power is an achievement shared by physics and 
chemistry. Most of these discoveries are now turned to peaceful 
service to humanity. 

“Seeing tomorrow in the test tube” is a good slogan. In 1941 
we, in the United States, consumed $10,000,000,000 worth of 
products unknown in 1918. Research, much of it chemical, 
gave us this new wealth. Chemical industry accounts for 
$10,000,000,000 worth of products annually. 

arc the frontiers of science.” (T. M. Girdlcr.) 


Physics is largely a study of the various forms of energy such as 
light, heat, electricity, sound, mechanical energy, etc., while 
chemistry deals more with matter. However, each science finds it 
necessary to include both matter and energy in its field. Chemis- 
try, like physics, is universal. 


Energy Transformations. The relation between matter and 

energy is very close. Matter is difficult to define with exactness 

but we usually consider matter as anything that has mass or 
weight and that occupies space. 

The term "energy" is applied to the capacity for doing work or 
to anything that may take the form of motion against an opposing 
force, f herclore light, heat, motion, and electricity are forms of 
energy. ( .hcrmcal energy locked up in substances and the poten- 

,la T" 0 ' <e ‘° < ' lcVatrd P° sitio " of bodies (such as a car on the 
top ol ,, Steep lull) are familiar and useful to all of us 

to our f " :< ’ t,ansform ° ti ™ ofone fr™ energy to another is vital 
to ur ixetetu e and welfare. Chemical energy stored up in coal 

ra> lx released as heat just as truly as the chemical energy con- 

tamed in our food may be converted into the motion and heat of 

out annual bodies. When the composition of a given portion of 

heat^ and' *lec W , CnCr ^ y rrk ' as ‘ d 1 V ct . conversely, light, 

heat, and elect,. cal energy may be applied to a portion of ma«er 
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so as to force a change in composition. Heating limestone in the 
kiln changes it into lime and carbon dioxide. Light reduces the 
sensitive silver bromide on a photographic plate to metallic silver 
and bromine, and light also causes the dye in wallpaper and 
curtains to fade. A sharp blow decomposes nitroglycerine 
(although to be exact, it merely starts decomposition; infinitely 
more energy is released than can be attributed to the sharp 
blow). A direct current of electricity decomposes silver salts in 
solution, depositing metallic silver on objects to be plated. 

In this country the amount of electrical energy used increased 
fivefold in the period between the last two wars — a quarter 
century. However, the potential power in all our motor vehicles 
is now 30 times that of all central electrical power stations. This 
potential power is derived from the chemical energy of gasoline. 

The Law of the Conservation of Energy, that in all ordinary 
transformations energy is neither created nor destroyed, is merely a 
generalized statement of a great many observations. We now 
know that there are some extraordinary transformations of 
matter into energy and energy into matter. I here is strong 
evidence that some of the mass of the sun is lost only to roappeai 
as radiant energy. 


“Science is founded upon a belief dial the world is reliable in its opera! 
(Arthur Compton.) 


ion. 


* * 


Substances. A substance is a particular kind of material with 
specific properties, such as gold, sugar, common salt, or sulfur, 
while a body is merely a definite portion of material such as a 
bottle, a kettle, a stove, or a statue. A bottle may be shaped from 
the mixture of substances called glass, a kettle from the substance 
copper, a stove from the substance iron, and a statue horn the 
substance marble; yet the glass could be shaped into a kettle or 
statue, and the marble into a bottle. Evidently, then, shape and 
size do not identify glass, although they may well serve in classify- 
ing bottles. 

Elementary Substances. Substances that we can decompose 
into two or more simpler substances are called compounds. W< 
recognize limestone as a compound substance because on Ik ing 



6 


BASIC PRINCIPLES 


heated in the limekiln it breaks down into quicklime and carbon 
dioxide. Red mercuric oxide when heated is decomposed into the 
colorless gas oxygen and the metal mercury. Hence mercuric 
oxide also is a compound. There are nearly five hundred thou- 
sand known compounds and millions of new ones can be made 
when desired. 

An element is a substance that cannot be decomposed into two 
or more substances by our present ordinary chemical methods. 
While making this flat statement we must admit that methods at 



Fig. 2. Healing mercuric oxide 
to obtain oxygen. 


gold, mercury, sulfur, and 


present unknown may become the 
common methods of the future. Until 
1808 quicklime, now recognized as 
calcium oxide, was called an element 
but in that year Sir Humphry Davy 
prepared calcium and showed that it 
unites with oxygen of pure dry air to 
form a white solid identical with 
quicklime. There was then no deny- 
ing that quicklime could be prepared 
by union of two simpler substances, 
and is, in fact, a compound of cal- 
cium and oxygen. Familiar examples 
ot elements are iron, copper, oxygen, 
carbon. About ten ol the elements are 


gases; mercury and bromine arc liquids, and the 
ordinary temperatures. 


rest are solids at 


1 lie fact that radium is constantly giving oil electrically charged helium 
atoms docs not force us to call radium a compound, for this is no ordinary 
chennea! process. The cUVcts of the cyclotron and of the “atomic pile” in 
producing atomic changes are also quite extraordinary. 


At the beginning of the Christian era the scientific world knew 

only seven elc.nen.s gold, silver, copper, tin, lead, iron, and 

mercury (and possibly sulfur). Up to the time of Lavoisier, 1750, 
only seventeen were known. 

Although .tow, ninety-six elements are known, many of them 
ate unusual. Oxygen in its compounds makes up one-half the 
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known crust of the earth and silicon one-fourth. Fully 96 per cent 
of the mass of meteorites is due to iion, oxygen, magnesium, and 

silicon. 

The Peary meteor found in Greenland and now resting in the Museum of 
Natural History, New York, weighs 36 tons and is worth several million dollars, 
as a museum specimen. The one that hit Arizona ages ago and exploded into 
fragments probably weighed 10,000,000 tons. 

It takes seventy-four elements to make up one per cent of the 
earth’s crust. The great majority of chemists have never seen nor 
worked with all the elements; in fact some of the elements are 


Aluminum. 7.60 % 


Iron. 4.71% 



Calcium. 3.30% 

Sodium, 2.63% 

Potassium. 2.40% 

Magnesium. 1.03% 

Hydrogen, 0.87% 
Titanium, 0.58% 
Chlorine. 0.10% 
Phosphorus, 0.11c 
r Manganese, 0.00% 
Carbon, 0.08% 
Sulfur. 0.00 % 
Barium, 0.04% 
Fluorine, 0.03% 
Nitrogen, 0.03% 
Strontium, 0.02% 
All Others. 0.47% 


Fig. 3. 


Percentage of the elements in 


the earth’s crust. 


mere curiosities with no known use. But there is always the 
exciting possibility that the museum specimen of today may 
become of invaluable service to the world tomorrow. How short 
a lime it has been since tungsten was of little consequence and 
radium unknown ! Neon, an inert gas which Sir William Ramsay 
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found in the air in the proportion of one part in 65,000, had only 
academic interest until we recently began to employ neon light- 
ing tubes for beacons and advertising. Their pink-orange glow 
is penetrating and arresting. 

Exercise 

I. Aluminum is now made from bauxite ore, yet common clay is rich in this 
metal. Why, then, does aluminum cost much more than iron, although more 
abundant in the earth’s crust? 


Properties. To identify different substances we must know, 
not size and shape, but such characteristics or properties as color , 
odor, taste, hardness, crystalline form, melting point, boiling point, 
density . solubility in water or in other solvents, ability to conduct 
electricity, index of refraction, and chemical activity. We even may 
ask if the given substanee burns in the air. The student readily 
recognizes sulfur as such because it is a yellow solid found in 
nature in rhombic crystals, melting at about 115° C., insoluble in 
water but soluble in carbon disulfide. If still undecided, he burns 
h in the air, notes the blue flame, and throws aside all doubts 
a inn one breath of the choking gas formed. In recognizing lead 
a student is particularly interested in its softness and its low 
inciting point. Sugar he knows at once by its sweet taste, although 
indiscriminate tasting is not recommended. Hydrogen sulfide 

once smelled is never forgotten and never separated from the 
thought of rotten eggs. 

1,1 la " " e I >; " '"<»'<'> for specific prop,-, lies of substances. 
( . upper would not sell for fifteen cents a pound to the amount of 

oec. a million tons \early if it were not such an excellent con- 

< "< tor Of electricity. Platinum is valuable chiefly because it is so 

;,/v hcimcalh , and is not abundant. Obviously, if glass were 

or ,t it dissolved readily m water, it would have no 

market tor use a- window panes. If rubber were not resilient the 

auto would not be popular. Perfect diamonds are valued for 

spmkle tana scare , in ; bu, crude industrial diamonds, because 

<> their nam.-as arc ol l.u creator importance in the role of 
abrasive material lor cutting and grinding 
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Chemists always are trying to improve the useful properties of 
matter: to make stronger steels and lighter alloys; better syn- 
thetic fibers and more powerful explosives; better medicines, and 
better and cheaper fuels. 

2. How did the invention of the wheel revolutionize human life? 

3. How did the capture and control of fire serve man as a tool? 

4. How do you recognize copper, lead, paraffin, salt, vinegar, ammonia, water, 
alcohol, gold, silver, soap, gasoline? 

5. What properties make rubber useful? Gold? Diamonds? Water? Asphalt? 
Copper? Glass? 


Changes. Changes in properties seem to be necessary to hie 
itself. Earth, air, and water arc transformed by nature's chemical 
processes into green grass, trees, flowers, and yet each \tai these 
beautiful new products decay and return to earth, air, and water. 
Iron in moist air rusts with a sharp change in properties, but the 
change is not hopeless, for great quantities of rusty old iron and 
steel are annually sent to steel mills to be converted into good 

steel. All of the rust is changed chemically. 

When a platinum wire is heated highly, only a few properties 
change. The color changes from silver white to red as the tem- 
perature rises, but the hot platinum differs in few other respects 
from cold platinum. Moreover, on cooling, all of its usual prop- 
erties are resumed. A physical change has taken place. 


If pure white sugar is heated to a high temperature, it turns 
black and gives ofT steam. The black cinder left no longer tastes 
sweet nor will it dissolve in water. In fact nearly all the properties 
of the sugar are changed. The student cannot mix the steam and 
the black cinder (carbon) with any prospect of combining them 
into the sugar whence they came. The change is chemical 
and, in this instance, hopelessly permanent. None of the resulting 
products have the same composition as the sugar, nor the same 

properties. New substances have been formed. 

A physical change is a more or less temporary change in certain 
properties such as color, density, conduction of electricity, and 
ductility. When the original conditions arc restored, the original 


properties return. 
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Copper may be melted without any change in composition; 
on cooling to the solid form all of its usual properties are restored. 
Such a change is purely physical. 

A chemical change is a very definite change of certain properties 
with jormalion of new substances and is always accompanied by a 
gain or loss of energy. Whenever a chemical change takes place 
we have a chemical reaction. 

There are, however, some chemical changes in which the new 
substances formed may, under proper conditions, react to form 
the original substances. They will be discussed in a later chapter. 

Lavoisier as early as 1785 believed that in chemical reactions the 
mass of the system is not changed. (Law of Conservation of Mass.) 
Naturally this belief came from careful weighing of the reacting 
materials and all the products. In the instance of burning wood 
the gaseous products as well as the ashes must be caught and 
weighed. 


Landolt demonstrated the above law with a scaled glass tube shaped like a V. 
After one of the reacting substances had been introduced into one leg of the tube 
and the other into the second leg, the tube was scaled, cooled, accurately 
weighed, and then tilted so as to mix the two reagents. After restoring the orig- 
inal temperature the tube with its contents (a complete system) was again 
weighed. Within the limits of human experimental error there was no change 
in weight. Reaction evidently consists in rearrangement of constituent elements. 


Measurement. The metric system of measurement (Appendix) 
is used by scientists and should be used by our general public. 


METRIC AND ENGLISH 


SYSTEMS 


1 OuO millimeters (mm.) 

100 centimeters (cm.) 

10 millimeters 

1000 milliliters (ml.) 

1.0567 quarts (U.S.) 

1 kilogram (k<*.) 

1 kg. of pure water at maximum density 
1 g. ot pure water at maximum density 


= I meter = 39.37 inches 
= 1 meter 
= 1 cm. 

~ 1 liter = 1000.027 cubic centi- 
meters (cc.) 

- 1 liter 

= 1000 grams (g.) = 2.2046 lbs. 

= 1 litei 
1 ml. 


It will be noted here that 
as 1 cc. 


ml. i> practically, but not precisely, the same 
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Fig. 4. Comparison of linear units in the metric and English systems 


Accuracy, sometimes extreme accuracy, of measurement is 
fundamental to scientific progress. Extremely small units of 
measurement are often found convenient: 


1 micron (1 
1 millimicron (1 m*j) 



1 microgram 


= 1 thousandth of 1 millimeter 
= 1 millionth of 1 millimeter 

= 0.1 of 1 mji 

= 0.001 milligram (often called 1 gamma) 


Even 1/1000 of a second is vital — if you are photographing 
falling drops with a stroboscopic camera whose shutter clicks 
1000 times a second. A one-millionth of a second exposure has 

been used in photography. 

Ball bearings for aircraft instruments are now made and 

measured to one-millionth of an inch. 

Quantitative analysis measures percentage composition, thus 
aiding chemical control of industrial products and greatly 

facilitating research. r , 

Babcock’s invention of the centrifuge method of determining 

(measuring) the percentage of fat in milk put the dairy industry 
on a scientific basis. 

Scientific Reasoning. Many illustrations of sound reasoning 
will follow later but here is an interesting example of fau ty 

“Van Hclmont planted a willow in a weighed quantity of dry 
earth, supplied it with water only, and at the end of five years 
found that it had gained 164 pounds in weight while the earth 
had lost only 2 ounces. Here was ingenious proof that practica y 
all the new substance of the willow was made of water con- 
vincing proof — until one hundred years later Ingenhousz and 
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Priestley showed that plants absorb carbon from carbon dioxide 
in the air.” 

The scientific method of work involves careful observation of 

all pertinent facts, classification of these observations, formulation 

of an explanation (theory), and testing of the theory by experi- 
ment. 


Exercises 


6. What is the diameter in inches of a 75 mm. gun? Convert one gallon into 
liters. What is the weight in grams of this volume of water? 

7. Is granite a mixture or compound? How about brass, flour, iron rust, sugar, 
ice cream, and wine? 

8. In general, how do you distinguish between compounds and mixtures? 

9. What type of change takes place when water freezes? When lard melts? 
W hen iron rusts? When a loaf of bread is scorched? When coal burns? 

10. What type of change is observed when a rubber band is stretched? When 
a rubber band is burned? 


11. Define a body, a substance, a compound, an clement, a chemical reaction. 

12. Canners throw fresh peas into a brine of water and common salt. How 
does dns promote separation of good from bad? 

13. When sand, lime and soda arc fused toother lo form glass, is the change 

physical or chemical? 6 


H. If, while camping in the wilds, you upset all the salt on a white sandy beach, 
w.uit would you do to recover the precious salt? 

15 - Convert two gallons to liters. 

1(>. How many meters in a mile? 

1/. Convert four pounds into grams. 

!*' K lh< ’ Uji " °f water? Sec Appendix for data. 

• : ™'l r a n,iMllr '- and ammonia? Ammonia is 

20 ' or^Trv'r ‘ r" mrif ’T n "° r ° ,a,i0,,S P" ntulti plies the 

^'''--Ayhathactionofatonwonldasilver 

weigh while so whirled by this 


t-ii» o'4;a: 

•Ctil Fill I rr. 
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Chapter 2 the composition of 

PURE SUBSTANCES 


Pure Substances and the Law of Definite Composition . 1 
Every pure compound has a definite composition by weight. Com- 
mon water from any portion of the earth, if pure, is com- 
posed of hydrogen and oxygen in the proportion of 1 part of 
hydrogen to 7.94 parts of oxygen by weight. If other elements are 
present, they represent impurities and can readily be separated 
from the water. Any mixture of alcohol and water might look like 
water, but it would not be a pure substance. It would not boil at 
100° C. under one atmosphere pressure as docs water, nor would 
it act chemically towards other substances exactly as does water. 
Sugar and clean white sand might be mixed very deceptively, but 
the analysis would show a very different composition from that of 
sugar. Such a material would not be a pure substance. If the sand 
were removed (How could you do it?), the remaining sugar 
would have the same percentage of carbon, hydrogen, and 
oxygen as any other specimen of pure sugar. 

I he dillerenee between pure compounds and mechanical mix- 
tuics is evident horn this Law of Definite Composition. The propor- 
tions in any mechanical mixture may he varied considerably without any 
abrupt i ha noe in fnopa ties, as in the sand -sugar material, but if the 
proportions ol carbon, hydrogen, and oxygen in pure sugar were 
( hanged, the substance would no longer be sugar. As a matter of 
fart, alcohol is composed of the same elements as sugar and can 
be made from it. but the percentage composition is different. 

1 housands of pure substances contain only these three elements, 
but in each ease either the proportion or the arrangement of 

1 Oltcn called the La ' K oj DsJitiUr Proportions . 
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these elements is different. The formation of compounds is always 
attended by a pronounced energy change. Not so with mere 

mixtures. . 

In a mixture the properties are the sum of the properties of the 

constituents, as demonstrated so tastefully in a well-flavored 
soup. The properties of a compound, however, arc nearly inde- 
pendent of the properties of the substances used in making it. 

Joseph Black in England (1755) made the first quantitative 
studies of chemical changes, the first studies in which i he mate- 
rials taking part in those changes were accurately weighed or 

Early in the nineteenth century many chemists believed and 
taught that a compound contains its elements in a senes of ratios, 
varying according to its location or manner of preparation. 

The attack on this theory was led by Joseph L. Proust, o 
Madrid. Berthollct, in Paris, defended it by citing instances m 
which compounds seemingly varied in composition according to 
where they were obtained, or how prepared. In each case Pious 
was able to show that Berthollcfs samples were so serious y a. 
fault that the inference was valueless. He was further able to 
show that a purified compound has a fixed composition and 
uniform properties regardless of where it was obtained or how 

prepared. 

A classic illustration of the difference between a mccha "^ 
chemical compound is found it. an experiment with iron and sulfur I very fine 
iron filings are mixed with powdered sulfur, It may be shown that the sulfur stffi 
retains its own characteristic properties, as does the iron, and .ha -ac . may be 

removed by simple mechanical means. A magnet attracts the iron as if the sulfur 

removed in Sulfide dissolves the sulfur out of the mixture as .f the 

were not present. Carbon aisumut ui f , . \ 

1 a filtration a clear solution (the filtrate} is obtained, 

iron were not present and, on nitration, 

This vields the sulfur if allowed to evaporate. 

If me tixture of Iron and sulfur is heated in a test ,u e, intercs Ung cole 

chances are observed. Finally the mixture glows brightly, even after «t 

removed from the flame. Evidently heat is given off by some « of action 

be, ween the two elements. After there is no further change . bL u* solid. » 

obtained which is not attracted by the magnet and roin w 
dissolved by carbon disulfide. The conclusion is that neither free ron or re 
sulfur is present, and that they have combined to form a compound. A read, on 
took place which, when well starled, gave olf considerable hca . 
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The experiment goes as described if the two elements are taken in a very 
definite proportion. If more iron than is called for by that proportion is used, 
some free iron is left over and may be removed, leaving the pure product of the 
reaction. If more sulfur than is called for is used, some sulfur is left over and may 
be removed. The hard black solid obtained in the above experiment is a com- 
pound called iron sulfide. It has several properties quite different from those of 
iron or sulfur. 

This and similar experiments force us to believe that elements 
react in very definite proportions to form compounds. A logical 
next step is an effort to learn what these proportions are, espe- 
cially in reactions involving oxygen, the great central element. 

Combining Proportions. The Law of Definite Composition 
created an interest in the ratio of the weights of elements com- 
bined in a pure compound. These combining weight ratios are 
easily calculated from the analysis of pure compounds. Since most 
elements unite directly with oxygen, it is possible to learn from 
actual experiment what weight of each element will combine 
directly with a fixed weight of oxygen. These numbers may then 
be compared. 

In the following table are listed the relative weights in which 
some oi the elements combine with eight grams of oxygen, a very 
convenient weight for it gives a value of practically one to the 

lightest of all elements, hydrogen: 

/ » W 1 



PFRCHNTAC?K COMPOSITION 

NUMBER OF GRAMS OF THE 

ELEMENT UNITING WITH 

sntsrxNCi- 

MY ANALYSIS 

8 GRAMS OF OXYGEN 

Muenrdum oxide 

, Magnesium 
( )xyuen 

60.32 

39.68 

12.16 

( '<>;> per oxide 

i Copper 
( )\Y"rn 

79.9 

20.1 

31.80 

\V«. icv 

! \ lydroejen 
! ( )x\T»cn 

11.19 

88.81 

1.008 

Aluminum oxide 

Aluminum 

Oxvuen 

32.94 

47.06 

9.00 

C !dibnn dioxide 

1 Carbon 
( ixvjjcn 

27.27 

72.73 

3.00 

( alriuni oxide 

( 'ale iu m 
\ Oxygen 

71.43 

28.57 

20.03 
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LAW OF MULTIPLE PROPORTIONS 
From this table a partial list of combining proportions may be 
derived : 


Oxygen 

Magnesium 

Copper 

Calcium 


8.0 

12.16 

31.8 

20.03 


Hydrogen = 1 008 
Aluminum = 9.0 
Carbon = 3.0 


Since 1.008 g. of hydrogen are evidently equivalent in com- 
bining value (as in water) to 8 g. of oxygen, it might be conjec- 
tured that the weight of any element uniting with 1.008 g. o 
hydrogen would probably unite (if a. all) with exactly 8 g. of 
oxygen. In the case of chlorine, 35.46 g. unite exactly with 
1.008 g. of hydrogen, and, .rue to the above assumption, 35.46 g. 

of chlorine unite with 8 g. of oxygen. 


Exercise 

1. Predict how many (trams of magnesium combine with 35.46 g. of chlonn^ 
How many grams of aluminum, and of copper, unite with 35.46 g. of 


It is evidently reasonable to state that a combining weight of any 
element is the number of grams of that element that combine with 

8 LaWMu.tiple Proportions. Since there are instances 
where two elements combine in different proportions to form a 
series ul compounds, we may suspect that it » 

elements to have at least two combining weights. The two oxides 
of carbon illustrate this fact. 


Carbon dioxide 

Carbon monoxide 


OXYCIN 

8 g- 
8 g- 


CARBON 

3 g. ( = 1 X 3 g.) 
6 g. ( = 2 X 3 g.) 


The two oxides of hydrogen may 


also be cited. 


OXYGEN 


8 g. (= 1 X 8 g.) 
16 g. (= 2 X 8 g.) 


Water 

Hydrogen peroxide 


HYDROGEN 

. .1.008 g. 
. .1.008 g. 
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The five oxides of nitrogen are radically different in properties, 
yet all contain only nitrogen and oxygen : 


NITROGEN 


Nitrous oxide 14 g. 

Nitric oxide 14 g. 

Nitrogen trioxide 14 g. 

Nitrogen tetroxide 14 g. 

Nitrogen pentoxide 14 g. 


OXYGEN 

8g. (= 1 X 8 g.) 
16 g. (= 2 X 8 g.) 
24 g. (= 3 X 8 g.) 
32 g. (= 4 X 8 g.) 
40 g. (= 5 X 8 g.) 


It is evident that the elements combine in the ratio of their 
combining weights or simple whole multiples of these. The Law 
of Multiple Proportions (a mere generalization) is often stated as 
follows: If two or more elements form a series of compounds , the 
different weights of one which combine with a definite weight of 
another stand to each other in the ratio of small whole numbers . 

For certain compounds of carbon (organic compounds) the whole numbers 
arc not always “small.” 


Determination of Combining Weights. There are at least 
four general methods of determining the combining weights of 

elements: 


1. Combination of the element with oxygen. Cautious heating 
of weighed magnesium in air yields magnesium oxide which can 
be weighed. Subtraction of the weight of magnesium from the 
weight of the oxide gives the weight of oxygen combined. 

2. Decomposition, by heat, of a pure oxide, when possible. 
Silver oxide is decomposed into its elements at about 250° C. The 
oxide of calcium, quicklime, is too stable to decompose at that 
temperature. 

3 . Reduction ot a hot metallic oxide by hydrogen. This is pos- 
sible only with less active metals such as copper and iron. Again 
calcium oxide would not yield its oxygen. 

4. Displacement ol hydrogen from an acid by an active metal, 
zinc, for example. 


Determination of the Combining Weight of Magnesium. 

I he combining weight of magnesium relative to oxygen, for 
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example, may be determined in the laboratory by heating a 
weighed quantity of this metal in a porcelain crucible. The cover 
is kept on during the heating, which is gentle at first, but finally 
reaches the limit of the flame. After cooling, crucible and ash 
(magnesium oxide) are weighed, heated again, and weighed. The 
operation is repeated until there is no further gain in weight. 
After a final weighing the gain in weight due to combination of 
oxygen of the air with the metal is easily calculated. By means of 
a simple proportion the number of grams of magnesium reacting 
with 8 g. of oxygen is found. The fourth method could also be 


used for magnesium. 

Determination of the Combining Weight of Copper. The 

combining weight of copper may be determined by passing air or 


pure oxygen through a glass 
tube containing a weighed 
amount of heated copper 
powder. Black copper oxide 
is formed. Or copper oxide 
may be torn apart with the 
aid of hot hydrogen and the 
loss in weight noted. For ex- 
ample, the student may weigh 
out black copper oxide in a 
small porcelain boat or nar- 
row dish and, after placing 
the boat in a hard-glass tube 



Fig. 5. Reduction of copper oxide in D 
by hydrogen from A which has been dried 
in li. The water formed is collected in the 
weighted drying tube C. 


D, pass dried hydrogen gas . •, 

from the generator A through the tube wlulc heating unt 

there is no further change (Fig. 5). The hydrogen unt.es wt h aH 
the oxygen of the copper oxide, leaving red copper. The steam 
formed 1 driven out through the drying tube C by the steady 
stream of hydrogen which has first been dried by passing throng 
B. From the original weight of the copper ox.de and the final 
weight of the copper one can, by simple subtraction learn tl 
weight of oxygen. Suppose that 1 .700 g. of t opper combined with 
0.420 g. of oxygen, as may Ire learned by subtracting the weigh 
of the copper from the weigh, of copper oxide. To learn how 
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many grams of copper would combine with exactly 8 g. of oxygen 
at this rate, we write a proportion: 

1 .700 g. copper : 0.420 g. oxygen : :xg. copper : 8 g. oxygen. 

Optional 1. 70 0 _ x 

0420 8 

Solving x = 32.381 g. 

Therefore the combining weight of copper is 32 (approximately). 

2. Since the oxygen and hydrogen unite to form water vapor, caught in the 
weighed drying tube, could you determine by the above experiment how 
many grams of hydrogen combine with 8 g. of oxygen? 

It is difficult to make metals unite with hydrogen, but most 
metals will displace hydrogen from acids. The number of grams 
of any metal — zinc, for example — that can take the place of 
1.008 grams of hydrogen in an acid is certainly equivalent to the 
1 .008 grams of hydrogen, for it is combining with the rest of the 
compound just as did the one gram of hydrogen. For example, 
since 32.69 g. of zinc displace 1.008 g. of hydrogen from acids, the 
combining weight of zinc is 32.69 g. 

because the combining weight of many elements varies from 
compound to compound, as with the five oxides of nitrogen, the 
combining weight is not the most convenient, although it is useful 
in determining atomic weights. 

With the development of the conception of atoms as simple 
reactin'.* units (following chapter) a table of atomic weights , in- 
vaiiable units of quantity, was gradually built up. These have a 
fundamental relation to combining weights and, indeed, are 
citln i equal to or arc small multiples of combining weights. 

ii.mini combining weight atomic weight (approximate) 


( )\\ n 

s. 

16. 

(=2X8) 

1 ly<!nvjj#*u 

1 .008 

1.008 (= 1 X 1.008) 

( Hi!* >i i no 

33. -16 

33.46 

(= 1 X 33.46) 

( *( >j '[)( !* 

31.8 

63.6 

(= 2 X 31.8) 

( .<i r * »on 

3.0 

12. 

(= 4 X 3) 

Sodumi 

23. 

23. 

(= 1 X 23) 

Aluminum 

9. 

27. 

(=3X9) 


In an early chapter detailed methods will be given for the 
determination of relative weights of atoms. In some instances the 
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first step may well be a laboratory method of determining the 
combining weight of the element in question. For the present we 
may take the weights of different kinds of atoms relative to that of 
one selected as a standard for comparison: the oxygen atom with 
an arbitrarily chosen weight of 16. By comparison the weight of 
one hydrogen atom is 1.008. 

The hydrogen atom (lightest) was once set as the standard with 
an exact atomic weight of 1, but there are fewer experimental 
errors if oxygen is made the standard. 


Exercises 

3. The simplest oxide of manganese is 77.44 per cent manganese and 22. 5o 
per cent oxygen. Calculate the combining weight of manganese. 

4. The diagram on page 21 shows (he number of grams of various elements 
equivalent (in combining value) to 8 grams of oxygen, and equivalent to 
each other. 

For example, 9 g. of aluminum combine with 35.46 g. of chlorine. In what 
proportions do carbon and chlorine combine? Sulfur and calcium? 


16 g.— 20 g.— 35.46 g. 

Sulfur Calcium Chlorine 


3 g. 


8g- 


23 g. 


Carbon Oxygen Sodium 


35.46 g. 


9 g. 


35.46 g. 


Chlorine Aluminum Chlorine 

5. Silver oxide contains, by analysis, 93.1 per cent silver and 6.9 per cent 
oxygen. Calculate the combining weight of silver. 

6. In pure barium chloride 65.95 per cent of any weight is barium and 34.05 
per cent chlorine. How' many grains of barium have combined with 35.46 
grams of chlorine, and are equivalent in combining value to this weight of 
chlorine? 

7. The analysis of pure zinc oxide shows 80.34 per cent zinc and 1 9.66 per cent 
oxygen. What is the combining weight of zinc? 


Reference 

be Kruif, P. H., The Microbe Hunters. New York, Harcourt, Brace and Com- 
pany, 1939. 



Chapter j 


THE ATOMIC THEORY. 
INTRODUCTION 


Ancient Greek Theories of Matter. The divisibility of matter 
has always been familiar to man, but it remained for the early 
Greek philosophers, disputing without the wholesome check of 
laboratory experiment, to set a theoretical limit. The smallest 
particles of matter conceivable in their wildest flights of imagina- 
tion they called atoms. The conception of atoms as extremely 
minute, compact, indivisible pellets was held by many scientists 
lor centuries. 

On the other hand Aristotle decided that all matter must be 
made up of at least four elements. Fire, Earth, Air , and Water , 
and possibly a vague fifth, or “Quintessence.” 


The Alchemists. The idea of varying the proportions of these qualities in 
matter suggested, some centuries after the time of Aristotle, the possible trans- 
mutation of one substance into another. Many secret cults, mystical writings, 
much sell -deception and much quackery marked the development of chemistry, 
or alchemy , as it was termed from the third century to the fifteenth or even later. 

I he art was originally Greek, carried to Alexandria in the golden days of 
Egyptian learning, preserved by the Arabs, and finally carried by them into 
Western Europe. I he continual struggle to convert base metals into gold en- 
list'd the patronage of kings, who hired their private alchemists to replenish 
royal tr< asures. Vet in spite of the lack of order and system alchemy did carry 
on much knowledge into the Middle Ages. 


Dalton’s Atomic Theory. The “vague atomistic theories” 
of ancient Greek philosophers were of little real value and were 
discarded by 1803. John Dalton, an English scientist, like 
Higgins a few years earlier, sought an explanation for the facts 
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described by the laws of definite composition and ol multiple 
proportion. His useful theory may be stated as follows: 

2. The ultimate particles of a pure substance, simple or compound, 

are alike in size and weight. . ...... 

2. The “ simple atoms ” of an elementary substance are indivisible, 

and can neither be created nor destroyed. 

3. The “ compound atoms" ol a chemical compound are formed by 

the union of two or more elementary atoms. 

4. Combination between atoms takes place in the simplest possible 

ratios, e.g., one atom of A with one, two, or three atoms of B. 

The smallest particles of these compound substances formed by 
the union of two or more atoms of different elements, we call 
molecules although Dalton termed them “compound atoms. Hi 
theory, although not correct in all details, greatly a.ded scenuftc 

thought for a century. . 

The molecule is the smallest physical unit of a pure substance, 

with the same percentage composition as any larger amount For 

certain exceptions the term “conventional molecule is c - 

venient. In practice we determine properties in a mass of a grea 




CO 


•’ ..r ...ol, -rules were thought to be composed 

"* o, or - or 

many molecules. If a molecule of sugar were taken « apart, these 

smaller particles would no longer taste like sugai , u > 
fact be atoms of carbon, hydrogen, and oxygen. The smalles 
particles of elements taking part in chemical reactions we call 
atoms. A reaction, then, is merely a re g rou,nn K of the 
combinations. Two or more atoms of the same kind ™ 

form molecules of an elementary substance such as oxygen ga^ 
This theory explains why, during a react, on between sub 
stances in a closed vessel, there is neither ga.n ^r ^oss of wetgl 
l Law ol Conservation of Mass). All the atoms of the reacting 
substances are accounted for in the new substances. 
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It explains also the Law of Definite Composition for when one 
element unites with another, the combination always takes place 
between definite numbers of atoms of each kind. For example, if 
two atoms of hydrogen unite with one atom of oxygen to form a 
molecule of water, it follows surely that the percentage of oxygen 
and hydrogen by weight in pure water is always the same. 

It also explains the Law of Multiple Proportions (see page 17). 
When two atoms of hydrogen unite with two atoms of oxygen 
(instead of one, as in water), we should have a new compound 
quite different from water. Such a compound is known and is 
called hydrogen peroxide. 

We have obtained convincing evidence of the existence of 
atoms and molecules and have even counted and weighed them. 
Millikan reports the number of molecules in a milliliter of any gas 
under standard conditions of temperature and pressure as 2.71 
X 1 0 19 , a value closely confirmed by several different methods. 

Molecules are so small that if we empty one liter of water into 
the ocean, with thorough mixing, and then dip out one liter, we 
will recapture 2220 of the original molecules of water added to 
the ocean. A row of 40,000,000 molecules in contact would 
measure one inch. 

The Modern Theory of Atomic Structure. Dalton’s atomic 

explain why some elements react with each other 


X ravs 


Eiim 

atho<l«* v \ 


\ 


'trori: 


Target 


/ 


V 

T 


Anode 

I ,S r - X r;,y tu,,r s,K,win ^ die ‘•fleet of a stream of electrons (cathode 

on the metal target. X-rays result. 

*"K| others- do no., what forces hold atoms together in molecules, 
and how (he constituent atoms are arranged. 

About 1879 Sir William Crookes made a study of high -vacuum 
tu h-s which conduct electricity at high voltage (Fig. 7). Sealed-in 
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wires support the anode and cathode. With any gas at a pressure 
of WW of an atmosphere or less, and with any conducting 
cathode, peculiar radiations called “cathode rays” emanate from 
the cathode with the velocity of light and cause a greenish 
fluorescence where they hit the glass wall of the tube. For that 
matter, they may heat to incandescence a piece of metal such as 
copper or tungsten interposed in their path as a “target.’ When 
a cathode tube is placed between two metal plates, one carrying 
a heavy positive charge and the other a heavy negative charge, 
the rays are deflected towards the positive plate. Crookes sur- 
mised and J. J. Thomson later proved (1897) that the cathode 
rays are a stream of negatively charged particles ejected by the 
electric current. And since these same particles are thrown off 
from the cathode (or the gas?), no matter what the cathode 
or gas, they must be constituent parts of atoms of all elements. 
A heated cathode throws off the electrons better than a cool 


one. 

Thomson named these minute negatively charged particles 
electrons and determined that they have a mass of only ttsVt of 
the mass of the hydrogen atom, the lightest of all atoms. Further- 
more, the element radium was found to throw ofl not only elec- 
trons with high velocities, but positively charged particles. 1 his 
“radioactive disintegration,” long supposed to be limited to a 
very few elements, is a spontaneous process not under our con- 
trol, in spite of some success with artificial radioactivity. 

Out of such work since 1897, including Rutherford's discovery 
of the proton (a positive charge of electricity with a mass prac- 
tically that of a hydrogen atom) in 1911, has come the modern 
conception of atomic structure, admittedly incomplete, but based 
upon many unquestioned facts. We now feel certain that the ordinary 
neutral atom is a miniature solar system with a compact central nucleus 
made up of neutrons ( neutral units with the mass of protons) and a num- 
ber oj free protons {positive charges oj electricity). Surrounding these are 
enough planetary electrons to balance electrically the protons m the 
nucleus. So small are these three fundamental units, neutrons, 
electrons, and protons, that the atom is mostly space. So, too, is 

the solar system. 
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If the nucleus of an atom were magnified to a two-inch sphere, 
the nearest electron would be 2000 feet away. The gold atom, 



Li K I 


Fig. 8 Atomic structure of three typical elements, Li, K, I, showing number 

of electrons in the various energy levels or shells. 


according to Rutherford, has 100,000 times the diameter of its 
own nucleus. 

In all probability the planetary electrons revolve at great 
velocities, 150.000 miles per second, around the nucleus, some in 
circular, and some in elliptical orbits. In addition there is a 



I'ig. 9. Complicated electron orbits in 
the tantalum atom. 


electrons is negligible, and 


spinning of each electron to be 
considered. 

The simplest atom is hydro- 
gen, made up of a single proton 
and a single electron. (One of 
the most complex atoms is ura- 
nium, with 92 protons, 92 elec- 
trons, and 146 neutrons.) Since 
the hydrogen atom weighs 1.008 
and the electron mass is only 
TbVr °1 the hydrogen mass, it is 
evident that the proton has a 
mass of approximately one. In 
other words, the mass of the 
actically all the mass of an atom 


is concentrated in the nucleus, a 
the entire volume. 


relatively minute fraction of 
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In the white dwarf star, Wolf 457, the weight of a single cubic inch is prob- 
ably 9000 tons. This must be because the effect of the star's extraordinarily high 
temperature is to strip planetary electrons from a considerable number of the 
atoms. 


Some constituents of atoms 


f Negative particles, Tg , ;1 ? of mass ol 
Electrons hydrogcn atom 

[Positive particles of mass 1.008 (all that 
Protons [ is left when a hydrogen atom loses its 
(single electron) 

(Uncharged particles of mass 1.008 
l Neutrons ^ samc mass as a proton) 


It is helpful at this stage to note that with many of the com- 
monly-met atoms the outer shell of electrons may contain from 
one to eight electrons. In chemical reactions this number usually 
is raised to eight either by a transfer of electrons from another 
atom (elcctrovalcnce) or by a sharing process (covalence). 



Fig. 10. Reaction between sodium and chlorine, showing electron transfer. 


Although the electrons (negative) arc attracted by the nuclear 
protons (positive), some of the outer planetary electrons are 
known to escape to other atoms. Curiously tnougi sonic o tie 
most active atoms, like those of the metals potassium and sodium, 
have a very great tendency to give away outer electrons while 
some of the most active non-metallic atoms like those of chlorine 
and fluorine exhibit a reluctance to give away electrons out 
show an eagerness to take on electrons. Now we understand why 
two such active elements as potassium and sodium can refuse to 
react with each other. Each of these two types of atoms is willing 
to yield an electron to an “acceptor.” For this reason, sodium 
reacts with chlorine, because the chlorine atom eagerly takes on 
the electron that the sodium atom is so willing to discard. Chem- 
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ical reaction takes place and a molecule of sodium chloride, 
common salt, is formed. If we consider only the outer electrons 
the reaction can be represented as follows: 

Na 4- Cl: -> [Na] f + [:C1:]“ 

• • • • 

The loss of a negative electron from an electrically neutral sodium atom 
leaves an excess of one proton (or gives a positive charge) to that atom, while 
the gain of an electron by a neutral chlorine atom confers a negative charge on 
that atom. Consequently the two oppositely charged atoms arc held together in 
the molecule of salt by electric attraction. (In some types of reaction outer 
planetary electrons in pairs are shared by atoms which are so held together.) 
Metallic atoms tend to lose electrons, non-metallic atoms to gain them. 


The atoms of the inert elements, like helium, neon, and argon, 
arc so stable that they neither gain nor lose planetary electrons, 

consequently they never react with any- 
thing, and form no compounds at all. 
(See argon as a possible exception.) 

ElectronTubes. In the evacuated radio 
tube (represented diagrammatically by 
Fig. 1 1) electrons are “boiled out" of the 
metal filament which is heated by an elec- 
tric current. The process is reminiscent of 
the evaporation of molecules of water from 
the surface when the liquid is heated. 

The flying electrons arc attracted by 
the positively charged plate and reach it 
except when the open-mesh grid is given 
sufficient negative charge to repel elec- 
trons. This grid is connected to the wire- 
less antenna so that rapidly pulsating 
electric current charges caused by the 
signals increase and decrease the amount 
of negative charge on the grid thous- 
ands of times per second. In turn the 
electron streams in the tube are allowed to 
pass through holes in the grid, are stopped, etc., with variations 
reproducible, after magnification of current, in the loud speaker. 



Hot 
^ Filament 



Fig. 11. Radio tube with 
elec 1 1 on* thrown out by 
the- brat of the filament, 
varied in intensity by the 
grid. and caught by the 
plate. 
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It is interesting to note that a hot wire throws off electrons 
(radio tube), a flame shakes outer electrons from molecules in air 
(making it conducting) and light shining on the more active 
metals such as cesium and potassium in a vacuum tube forces the 
escape of electrons from such metallic surfaces (photoelectric 
effect used in sound films of the movies). Some tubes of this latter 
type can detect pinholes in steel plate racing through a mill at 
1000 feet a minute. This is the “electric eye’’ that opens doors, 
counts passing objects and is generally useful. 

If the anode in such an electron tube as Fig. 1 1 (without a grid) 
is made of a material that docs not readily emit electrons, cut i ent 
from any power source can flow in only one direction through 
the electron tube. Thus alternating currents of electricity can be 


“rectified” to direct current. 

In grid tubes the flow of current can be controlled through 
change in the charge on the grid. I hus electrical circuits can be 
opened, closed, modified or measured. 


Karl T. Compton says, “It has been calculated that the energy of a trans- 
atlantic radio signal caught by the receiving station in Newfoundland comes in 
at about the rate required to lift a fly 7 inches in a year. 


In the electron microscope, far more powerful than the best 
compound microscope, streams of electrons are focussed by a 

magnetic field. 


Exercises 

1. State Dalton’s Atomic Theory. 

2. Define an atom, a molecule, an electron, a proton, a neutron, and a nucleus. 

3. What changes have been mad,- in Dalton’s Atomic Theory to bring it up 
to date? 

4. What arc the sources of electrons? 

5. How docs sodium react with chlorine? 

6. If a neutral atom contained 40 protons as well as many neutrons in the 
nucleus how many electrons must be present? Where are those electrons. 

7. How many molecules are there in a liter of any gas measured under the 
usual standard conditions of temperature and pressure. 

8. Why should potassium and chlorine atoms react with each other while 
potassium and sodium do not? 
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9. Why is there no measurable gain or loss in weight during a chemical re- 
action? 

10. What evidence have we that negatively charged particles are among the 
constituents of all atoms? 
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Chapter Outline 


1. The Greek Atom. 

Aristotle’s four elements. 

2. Dalton’s Atomic Theory. 

Are all atoms alike? 

How far can a molecule be subdivided? 

Relation of atoms to molecules? 

What is a chemical reaction? 

I low does Dalton’s theory explain the laws of Definite Composition and of 
Multiple Proportion? 

Had the atomic theory been overthrown after a century, would chemistry 
have lost a century of progress? 

How small arc molecules? 

3. I he Modern Atom. 

What is a Crookes tube? 

What are cathode rays? 

Proof that there arc electrons in all atoms. 

1 he proton. 

1 he neutron. 

Relative weights of the proton and the electron. 

I he nucleus of the atom. 

I he planetary electrons. 

1 low can an atom be neutral when it is made up of charges of electricity? 
How does sodium react with chlorine? 

W hat holds these atoms together after reaction? 

Nature of a current of electricity. 

Radio electrons. 

I s'-s of electron tubes. 

La" , the student should prepare his own Chapter Outline as an aid to study. 
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r AND EQUATIONS 


Symbols and Formulas. Up to the time of Berzelius, about a 
century ago, chemists used strange symbols for the elements. T e 
moon C represented silver, A was the symbol for water, stood 
for copper, and ? for sulfur. But these were supplanted at 
Berzelius’ suggestion that one or two significant letters of the 
Latin name of the element be used. Thus the symbol for carbon 


A a " 


% 

9 


Tin 


CopP t>r 


6 

9 


inc 


Lead 


Mercury 


% 

❖ 


Silver 


Sulfur 


Fig. 12. Alchemists symbols. 


is C for copper Cu, for chlorine Cl, for calcium Ca, and for 
coba’lt Co. ft was fortunate that Ag (from 

was taken as the symbol for s. ver h takcn from thc 

selected for sulfur and Si ior siiico 

Latin ferrum, Na for sodium from **'"«*,*> *°" d) 
plumbum, K for potassium from kaUum, and W from the Ge ma 

wolfram. According to our present concept, on ***«££ 

only Jar the dements but Jor definite ports by wetgl.t oj 

example, H represents a single atom o. hydrogen and < ma^ also 

mean the atomic weight in grams, that is, 1.0 g, 
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either a single atom of oxygen or 16 g. of oxygen. A table of 
atomic weights is given inside the front cover. 

To represent the formula of a compound we simply join the 
symbols of the constituent elements together and attach small 
sub-figures to represent the actual numbers of atoms in each 
molecule. H »0 as a formula for water tells us that two atoms of 
hydrogen and one atom of oxygen make up a single molecule 
of water. The weight of the whole molecule, 18.016, is of course 
the sum of the weights of all the atoms in it. The formula 0 2 for 
the substance oxygen tells us that there are two oxygen atoms in 
each molecule with a molecular weight of 2 X 16 = 32. H 2 S0 4 , 
as a formula for sulfuric acid, tells us that a molecule of the acid 
contains two atoms of hydrogen, one of sulfur, and four of oxygen. 
The formula weight is 98.082 g. 


ATOMIC WRIGHTS 

H = 1.008 
S = 32.066 
O = 16 


Exercise 


MOLECULAR WEIGHTS 

2 H = 2.016 
S = 32.066 
4 O = 64. 

H : S0 4 = 98.082 


1. I he ruby (except for a trace of coloring matter) is aluminum oxide, Al 2 O s . 
Explain its formula. Red lead, so common in red paints, is Pb 3 0„ quicklime 
is CaO, and methane, which makes up over 90 per cent of natural gas, is 
c:l l,. Explain all the meanings of all these formulas. 


SYM HO L -FORMULA SUBSTANCE 


11 

Hydrogen 

o 

Oxygen 

H,0 

Water 

H.-SOi 

Sulfuric Acid 

3 11-0 

Water 


AMOUNT 

1 atom (or 1 .008 g. when solving prob- 
lems) 


1 atom (or 1 6 g. w 

2 atoms hydrogen 
1 atom oxygen 

(2 atoms hydrogen 
< 1 atom sulfur 
I 4 atoms oxygen 
| 6 atoms hydrogen 
1 3 atoms oxygen 


n solving problems) 

{ 18.016 g. of water 
when solving 
problems 

98.082 g. of acid 
when solving 
problems 

54.048 g. of water 
when solving 
problems 


The order of elements in a formula makes no difference but 
11 is well to follow the conventions. 
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Equations. With the use of symbols and formulas we can now 
represent chemical changes (reactions) very simply and clearly. 

For example, the equation 1 * * 

CuO + Ho — » H >0 + Cu 

tells us at least that one molecule of copper oxide reacts with one 

molecule of hydrogen to form one molecule of water and one 
moiecu c y fe l9) Thc weight of one molecule 

atom of copper (Fig. i>, page 1 >)■ b in ir 

of CuO is obviously the sum of the weights of all the atoms in it. 

Cu = 63.54 and 0 = 16. Therefore CuO - 79 54. The weigh, 

of H 2 = 2.016; of H.O = 2.016 + 16, or 18.016. 

When you saw that hot H, steals oxygen from hot CuO a 
metallic oxide, wha, question did you ask yourself Of course, 
“Would hot H, steal oxygen from other hot metallic ox.de . 

YC I S ; \l < a > wry °usefu° S pr ac ticrTwi 1 h problems to consider these 

weights as expressed in grams. Of atomic 

just the same whether expre * b wc shou ld read 

weights, or in grams or tons. Lxpi 

thc equation thus: 

79.54 g. copper oxide + 2.016 g. hydrogen form 
18.016 g. water + 63.54 g. copper 

These so-called equations name tl in prt .ft xin g 

their products. “Balancing the equations c . ' 

such numbers before the molecular formulas as indicate 

tive number of molecules cone c i nt c , • wn ( or some 

We admit that unless the student what 

other chemist’s) "attons an ^ ^ him lo atu -mpt to 

the products are, t w.ll be knoWS lhc name and prop- 

balance the equation. Lvcn correct formula. 

erties of a product, he n», £ e name in the index 

However, it is always P“ s ' ’ 1 fcrr J. d to . Repetition of such 

of the text and lo consult thc P a K 

1 It used to be thc universal custom to "P'TJ",* [fading equations aloud 

+ 2H = H 2 0 + Cu. hence the name equation. 

one usually says “form” instead o ( ( l ua 
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efforts and the invaluable habit of thinking formulas along with 
names will soon bring a working familiarity. 

Since facility in balancing equations comes only with consider- 
able practice, it may be well to try another example. 

Suppose we tell you that aluminum powder, with aid of a 
blowtorch, can be burned in air or in oxygen gas and that the 
product is aluminum oxide, AI2O3. The oxygen molecule is 
always represented as 0 2 . 

A 1 -f- O2 — > AI2O3 (trial) 

To have any aluminum oxide at all we must write down at least 
one molecule, that is, A1 2 0 3 . This forces us to start with 2 A1 on 
the left and also with three atoms of oxygen. It is not usual to 
represent 3 0 as 1| 0 2 , although the relative numbers of atoms 
could be so represented. 

2 A1 -j- 0 2 — > AI 2 O 3 (trial) 

Since trial with one molecule of A1 2 0 3 failed, we next try 2 A1 2 0 3 . 
Note that the prefix 2 multiplies all the atoms represented by the 
simple formula A1>0 3 . 

A1 0 2 — ♦ 2 AI 2 O 3 (trial) 

This forces us to start with 4 A1 and 6 atoms of oxygen (repre- 
sented as 3 0 2 ) on the left. 


4 A 1 -f~ 3 0 2 > 2 AI2O3 (balanced) 

Suppose the student knows by laboratory observation that hydro- 
gen reacts with hot black iron oxide to form iron and steam. He 

would represent (his reaction tentatively by merely writing down 
the formulas thus: 


H > 4- Fc 3 0., -> Fe + H a O (trial) 

lUu not all the atoms in the reacting substances are found in the 

products. (Why would such an equation as it stands be a denial 
°l l * lc haw ol Conservation of Mass?) 

Alter all, such a reaction is merely a regrouping of the elements 
in new combinations, so the student must account for all the 
atoms. 1 here must be an equal number of H atoms on both sides, 
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of Fe atoms, and of O atoms also. So the student begins with the 
most intricate formula and decides to try one molecule of Fc,0,. 
He cannot use less. We do not prefix “1” to molecules; it is 
understood if no number is given. As a result of deciding to tn 
balancing with one molecule of Fe:,0„ wc must account or three 
atoms of Fe on the right-hand side of the equation. Making this 

change, the equation will improve: 

H 2 + Fe 3 0 4 — * 3 Fe + H-.O (trial) 


It is evident that the four oxygen atoms in ihe FciO, molecule 
are not all found in a single molecule of H ; Q. It must require 
4 H 2 0 to dispose of them because each molecule of H,0 uses 
only one atom of oxygen. So another improvement is made; 


3 Fc -f 4 HoO (trial) 


H 2 + Fc 3 0 4 - 

But to write 4 H a O on the right side requires that v^placccight 
atoms of hydrogen, found in four molecules ol H„ on 
there will be no equality: 

^ 3 p c + 4 H -O (balanced) 


4 H 2 4- F c 3 0 4 


Now every atom is accounted for on both sides and no violence 

has been done to the inner structure of any compound no, h 

anything been represented that was no, produced m the labo.a 

tory. The equation is, therefore, prop™ V b* dan week ^ ^ 

(The black oxide, “hammer scale, fo f d at 

of hot iron with oxygen, and the red ox.de, rust, is formed 

room temperatures.) , the reacting substances, 

A chemical equation, then, must r p 
the products formed and the retatioe we.ghts tnvolved. I does no 

houreoer, name the conditions - temperature. £ — ^ 

cause the reaction to take place, nor 

nor to what extent the reaction occurs. j s from 

Calculation of Percentage Composition of ™ 

Formulas. If the correct formula for black iron ox £ ° 

,s a simple matter to ^ular weigh, 

example, from the formula wt r • - n n X S5 8S) 

is the sum of ihree limes the atomic weigh, of iron (3 X 5.1.85) 


36 SYMBOLS, FORMULAS, AND EQUATIONS 

plus four times the atomic weight of oxygen (4 X 16), or a 

total weight of 231.55. The iron fraction is evidently 

= 0.7236 = 72.36 per cent of the oxide. 

Determination of Formula from Analysis. Suppose analysis 
showed a compound to contain 27.06 per cent of sodium, 16.47 
per cent of nitrogen, and 56.47 per cent of oxygen. What is the 
formula of the compound ? 


IN 100 G. OF 
COMPOUND 

27.06 g. sodium 

16.47 g. nitrogen 

56.47 g. oxygen 


ATOMIC WEIGHTS 
IN GRAMS 

Na = 23 g. 

N = 14 g. 

O = 16 g. 


NUMBER OF GRAM-ATOMIC WEIGHTS OF 
EACH ELEMENT IN 100 G. OF COMPOUND 

27.06 -f- 23 = 1.176 sodium 

16.47 -T- 14 = 1.176 nitrogen 

56.47 16 = 3.528 oxygen 


This ratio between the number of gram-atomic weights of the 
three elements present, 1.176 : 1.176 : 3.528, may be written 
1 : 1 : 3, as shown by using 1.176 as a common divisor. 

Be sure to divide each “number of gram-atomic weights of 
each clement in 100 grams of compound” by the smallest 
number of the three, if small whole numbers result as quotients. 
Otherwise select some other common divisor. Hence there are in 
each molecule one atom of sodium, one atom of nitrogen, and 
three atoms of oxygen, and the formula is NaNO a . Of course this 
ratio would hold if the molecule were two or three times as 
heavy, but it is best to accept the simplest formula. Later we 
shall learn how to determine the weight of each molecule and to 
apply that knowledge to the determination of formulas. 


Exercises 


2. A certain compound contains, by analysis, 29.40 per cent of calcium (Ca) 

r-’* 36 P? ccnt of su, *“ r (S). and 47.04 per cent of oxygen. What is ft 
formula? 

3. From the percentage composition alone could you tell whether H.SCK or 

was the correct formula for sulfuric acid? 

4 ' and' 74 « f ° rm "' a “,7 C °' n P ound “maining 25.57 per cent magnesium 
and 4.4.3 per cent chlorine. 

5. What p<i cent ol nitrogen is found in pure lead nitrate, Pb(NOj)j? 
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6. Write the equation for reduction of lead trioxidc, Pb 2 0 3 , to lead and water, 
by hot hydrogen. For red lead, Pb 3 0 4 , by hot hydrogen. 

7. Barium chloride is 65.951 per cent barium and 34.049 per cent chlorine. 
What is its formula? 

8. A certain compound analyzes 43.394 per cent sodium, 45.285 per cent 
oxygen, and 11.321 per cent carbon. What is it? 

9 . What is the formula of a substance analyzing 

26.585 per cent potassium, 

35.390 per cent chromium, and 
38.025 per cent oxygen? 

10 . What is meant by the formula, C,H,„0 (ether)? Weight of the mo ecu e. 

11 . If the percentage composition of a compound is 

Ba = 58.847 
S = 13.735 
O = 27.418 
what is its formula? 

12 . What weigh, of the red iron oxide, Fe,0„ may be obtained bom .50 grams 
of oxygen and sufficient iron? What weight of the black FejO.. 

13 . On burning 0.763 g. of iron in oxygen the produet weighs 0.98. g. Denve 

the formula. , 

14 . How many grams of hydrogen are required to reduce 200 g. of Fe.O. to 

metal? 6.98 g. Am. 

15. 1 844 a certain chemist without re^nmg power^alyacd human ; .n 

and announced its formula as C,„H M N, 2 U 14 . 

overlook? Could he have determined a formula for cherry pit. 
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Fig. 13. Joseph Priestly. 


History. The history of modern chemistry begins with the dis- 
covery of oxygen, the most important 
element. In 1774 Priestley, an English 
clergyman, heated a number of different 
substances in glass tubes filled with mer- 
cury and inverted in dishes of mercury. 
The source of heat was the sun’s rays 
concentrated by a lens. On heating a 
substance later known as red mercuric 
oxide a gas was evolved in which a can- 
dle burned far more brilliantly than in 
air. Furthermore, a mouse became much 
more active in this gas than in air. 
Priestley named the gas “dephlogisti- 

caied air. 1 1 was produced from the mercuric oxide as represented 
by the equation 

2 HgO — * 2 Hg + O, 

W«.l,ys bumiiut -class was really a pair of lenses, one 16 inches and ,he 

sct 16 ,nd ~ «*“*■ u - — » ■>— - »r 

A year earlier Schcclc, a brilliant chemist and drug clerk in 
Sued™, obtained oxygen by heating manganese dioxide. In a 
• niilar manner lie prepared the gas from potassium nitrate and 
hum heo other subs, anees. In addition to that contribution 
Schi ele was the firs, to make chlorine, tungstic acid from ores 

ant n < rogen sulfide. He was also the first to show that lactic acid 

38 



HISTORY 39 

occurs in sour milk, as well as to observe the darkening of silver 
salts in light. Priestley published his results first, but both men 
deserve credit as independent discoverers. 

Priestley breathed some of this new “air" and described his sensations thus : 
“I fancied that my breast felt peculiarly light and easy for some tune after- 
wards. Who can tell but that in time this pure air may become a fashionable 
article of luxury? Hitherto only two mice and myself have had the pr.v.lege of 

^Oxygen' has not become a luxury but a blessing to humans in extreme 
exhaustion and illness, and a rescuing aid above and below land and sea. 

Lavoisier, a celebrated Frenchman, sometimes called the 
“father of modern chemistry,” at once applied himself to a sys- 
tematic study of the new substance, and by a convincing experi- 
ment showed its relation to air and to the process of combust, on. 

He heated mercury in a retort over a char- 
coal fire (Fig. 15) for twelve days, until 
there was no further change, and the n ob 
served a red powder formed on the suil.uc 
of the mercury. The end ol the u,OIt 
dipped under a jar in a laigit dish o 
water, so the volume of the air in th< retort 
and the jar was definitely known. During 
the heating this volume decreased one-fifth 
and the gas left in the retort extinguished 
a burning splinter. When the red powcei 
was heated to a still higher temperature as 
in Priestley’s experiment a volume ol gas 
was given oil exactly equal to the loss in 
volume of the original air . Moitovci 1 11 
evolved gas possessed all the pi opt rut s o 
Pricsllev's “cicphlogisticatcd aii. La\oisiu 

cause he though, i, '- “n a.ntd ^ ^ oxyg ,„ is an 

mistaken, but he was right in ni 

essential part of air. currcnt uncertain ideas 

Lavoisier's experiment cleared uj , . rurv 

. r /-'llrincn or i listed me i t ui \ > 

of combustion and rusting, foi h< ha 



Fig. 14. Priestley’s 
double lens which he 
used to concentrate the 
sun's heat on mercuric 
oxid<*. Now to be seen 
at Dickinson College. 
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showing that it united with oxygen from the air to form an ash, 
mercuric oxide. The revolutionaries guillotined Lavoisier in 1794. 



Fig. 15. Lavoisier’s experiment. 


Experiments somewhat similar 
to Lavoisier’s were carried out 
by the Russian Lomonossov in 
1756, using tin powder instead 
of mercury. 

Prior to Lavoisier’s experiment sub- 
stances were supposed to lose a mysteri- 
ous spirit, called “phlogiston,” in the 
process of burning. 


Exercise 

1. From some good history of chemistry learn other incidents in the lives of 

Priestley and of Lavoisier. 

Occurrence. Oxygen makes up one-half of all matter that we 
know. 1 wo-thirds of the human body is combined oxygen. Water 
contains 89 per cent; ordinary clay, sand, limestone, and granite 
about 50 per cent. One-fifth of the air is free oxygen, the other 
four-fifths nitrogen and other gases. This is the only occurrence 
of free oxygen except the little that is found dissolved in water. 
Elsewhere it is found in compounds. 

Preparation. I here are at least four general methods of prep- 
aiation of oxygen, but its most important commercial source is 
the atmosphere. Air is chiefly a mixture of oxygen and nitrogen 
but separation is not easy. 


INDUSTRIAL METHODS 

1. Aii Liquefaction Process — the leading process 

2. Electrolytic Method 


1 . 1 lie separation of oxygen from the nitrogen with which it is 

mixed in air is accomplished by liquefying air and then allowing 

it to evaporate. The more volatile nitrogen escapes first, leaving 

the oxygen, which is usually stored in strong steel cylinders at 
100 atmospheres pressure. 
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One ton of coal has furnished the energy required to separate 
one ton of oxygen from four tons of nitrogen b> the liquefaction 

process but much greater efficiency is promised. 

2. The electrolysis of water (decomposition by passage of an 
electric current) releases hydrogen at the cathode (negative) an 
oxygen at the anode (positive) if an acid or base is present to make 

the water conduct electricity. 

3 The laboratory methods, where convenience is more im- 
portant than cheapness, in most cases consist in heatmg oxygen 

compounds. 

LABORATORY METHODS 

3. Thermal Decomposition of Oxygen Compounds 

4. Sodium Peroxide Method 


Potassium chlorate melts at 351° C. and at about 400° C. re- 
leases oxygen: 1 

2 K.CIO., 2 KCt + 3 Oi 

If into a test tube partly fiUcd with melted potassium chlorate 
which is giving off very little oxygen we drop a mere pinch 

powdered manganese dioxide, 
there is at once an enormous 
increase in the rate ol evolu- 
tion of the gas. Potassium 
chlorate alone does not give 
off oxygen much below 400 
C., yet in the presence of 
manganese dioxide the gas is 
rapidly released at 200 C. 

This is the basis of the usual 
laboratory method. No exact 
amount of manganese dioxide 

is needed. About one-fourth chlora te is satisfactory. 

. KC10,, is first formed and this at higher 

1 In reality, potassium perchlorate, K.O 4, 

temperatures gives up all its oxygen. 



Fig. 16. Laboratory preparation of 

oxygen. 
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(see page 53). In Fig. 16 is represented the usual laboratory 
method of preparing oxygen in quantity. The oxygen evolved from 
the heated mixture of potassium chlorate and manganese dioxide 
is collected by displacement of water, in which it is but slightly 
soluble. Iron oxide, Fe 2 0 3 , is even more efficient than manganese 
dioxide while chromium trioxide, Cr 2 0 3 , is the best of all catalysts. 
Potassium chlorate should never be heated in contact with com- 
bustible material. Danger ! Neither should sodium peroxide come 
in contact with such material when moist. 

Like Priestley we may heat mercuric oxide: 

2 HgO -> 2 Hg + 0 2 

The mercury is volatilized and condenses as a mirror or in drops 
on the cooler parts of the tube. Oxides of gold and silver are also 
readily decomposed. 

We may emulate Scheele and heat potassium nitrate: 

2 KN0 3 -> 2 KNOo + 0 2 

A third of the oxygen escapes and potassium nitrite remains. 

Manganese dioxide when heated very hot gives off only part 
of its oxygen: 

3 Mn0 2 -4 MnjOi -f- 0 2 

Barium dioxide, better called barium peroxide, releases just 
hall its oxygen when sufficiently heated: 

2 BaOo -4 2 BaO + 0 2 

4. Sodium peroxide (made by heating sodium in air) reacts 
rather violently with water to form oxygen and sodium hydrox- 
ide : 

2 Na.Oo + 2 H 2 0 -> 4 NaOH + 0 2 


1 his is ^pensive but very convenient, because the water may be 
allowed to drop slowly from a dropping funnel on the peroxide, 
releasing oxygen as needed. 

Physical Properties. Oxygen is a colorless, odorless, tasteless 
gas which is 1.105 times as heavy as air. One liter weighs 1.429 g. 
measured at 0° C. and a barometric pressure of 760 mm. It may 
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be liquefied at and below -118° C.. but no pressure is great 
enough to compress it to a liquid above -118°C.. which may 
therefore be called its critical temperature. Under less pressure it 
remains a gas. At the critical temperature 50 atmospheres 
pressure are required to liquefy oxygen; hence this is the critical 
pressure. Of course at temperatures below -118 C. a lower 
pressure than 50 atmospheres can cause liquefaction. 

Liquid oxygen is light blue in color and boils at -18 .5 C. 
under atmospheric pressure. It is attracted to a magnet, but far 
less strongly than is a bar of iron. Dewar froze oxygen to a pale 

blue, snowlike solid, melting at -218.4° C. 

Oxygen is slightly soluble in water. At 20 C. and mm. 
pressure 100 ml. of water dissolve 3 ml. of oxygen (0.004 g.). 
Oxygen is 8.6 times as soluble in alcohol as in water a. 760 mm. 
pressure). Curiously enough it dissolves in molten silver, 

in 100 ml. of the silver, but is released on cooling. 

Liquid oxygen may be shipped or stored lor several days 

huge thermos bottles (Dewar bulbs). , 

Chemical Properties. Oxygen is only moderately active 

chemically at ordinary temperatures, but at elevated temp ra- 

tures it unites with nearly every element. It is ,rue lha ' S °^“ d 
rapidly oxidizes at room temperature but iron rusts slowly and 

carbon is attacked very slightly indeed unless heated 

If the metal sodium is heated and then P'-ed .n a jar o 
oxygen, it burns brilliantly with a yellow (lame, Hre only po 

sible reaction is the direct combination of 
forming a sodium oxide or, under these conditions, 

peroxide : 

2 Na + 0 2 -> NajOi 

Calcium burns almost as brilliantly, forming ordinary quicklime 
or calcium oxide : 

2 Ca + Oi -> 2 CaO 

Sulfur, firs, ignited with a flame, also burns with far greater vigor 
in oxygen than in air, forming sulfur dioxide . 

S 4- Oz -> so. 
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Red phosphorus burns with a dazzling flame and the formation 
of a dense white smoke of phosphorus pentoxide: 


4 P + 5 0 2 -> 2 P 2 O s 


The experiment with carbon is best performed with a stick of 
charcoal, which can be held in the forceps. After igniting it in 
the Bunsen flame, it is thrust into ajar of oxygen, where, instead 
of merely glowing, it bursts into flame. Pure carbon burns with 
a pale blue flame: 

C + o 2 — > co 2 


It seems incredible, but iron in the form of steel wool or picture 

wire will burn in oxygen if first heated red hot. 
It may be necessary to dip the end of the wire 
into sulfur as a sort of match head. Dazzling 
sparks (Fig. 17) fly in all directions, and drops 
of molten iron often break the glass bottles. 
Water in the jar may prevent the breakage. 

3 Fc -f 2 0 2 — > F c : ,0 4 

After these oxides have been formed, a little 
pure water is added to each jar, which is then 
closed and shaken. 

It may he noted here that black Fe 3 0, is always the 



Fig. 17. Burning 
steel wire in oxygen. 


product formed by high -temperature oxidation of iron 
while red F CjOa is the product of ordinary rusting. 


A small piece of blue litmus paper and one of red are dropped 
into each jar. I he water with the sodium oxide turns red litmus 
blue, as does the calcium oxide water. Both waters feel soapy to 
(he touch. 1 he sulfur dioxide water turns blue litmus red as does 
the carbon dioxide water. The effect of the iron oxide water is 
(oo slight to be detected. These oxides have reacted with water 
in two ways, some to form bases which turn red litmus blue and 
some to form acids which turn blue litmus red. Elements whose 
oxides react with water to form bases are called metals and ele- 
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ments whose oxides react with water to form acids are called non- 
metals. (These oxides are known as the anhydrides of bases and of 
acids although the term is generally used for acids only. It is 
implied that subtraction of H,0 from the formula of an oxygen 
acid must give us the formula of its anhydride. For cxamp e, 
H 2 S0 4 less H 2 0 = S0 3 and 2 HNO 3 less H >0 - N 2 O s .) 


2 Na 2 0 2 + 2 H 2 0 
CaO + H.O 
S0 2 + HoO 

co 2 + h 2 o 

P 2 0 6 + 3 HoO 


4 NaOH 4- 0 2 
Ca(OH ) 2 
H0SO3 
H0C.O3 
2 H3PO4 


The products above are called sodium hydroxide, calcium hy- 
droxide, sulfurous acid, carbonic acid, and phosp oric aci 
spectively. The definition of acids will be gi\en atci, ut 
know them as sour substances that in water solution turn ltmu 
red, attack some metals, and neutralize the properties o 
We know bases as substances that in water solution feel soapy, 
turn litmus blue, and neutralize the properties o aci s. 

Metals (iron, copper, gold, nickel, and lead, or example) show 
such physical properties as good conductivity 01 lca an 
tricity, malleability, ductility, and luster. Non-meta s ( > 

carbon, chlorine, arsenic, and nitrogen, for example) in genual 

do not exhibit these properties. 

These arc only convenient general statements for there are a number of 
border-line elements. 

Oxides. An oxide is a compound of oxygen tvith one other 
clement. Water is an oxide of hydrogen, otassium 
not an oxide, for it contains more than two element. Most ox d ^ 
can be madi by direct combination of oxygen ™th « * 
element, but a few elements like gold and platinum “ 

into such union by indirect methods. Many u xl ^s ammade^c ^ 
vcniently by heating carbonates, nitrates, ot >><■ '« ” 

example may be noted the heating of limestone to y.eld quick 

lime: 

CaC0 3 -» CaO + C0 2 
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Combustion. When substances react heat is usually (but not 
always) liberated. If the reaction becomes so vigorous that light 
is also produced, it is called combustion. As a rule this term is 
applied to a union of oxygen with other substances, but many 
other reactions produce light. The burning of fuel in a furnace is 
a common example of combustion. Sodium and magnesium burn 
almost as brilliantly in carbon dioxide gas as in air, forming 

oxides and free carbon in each 



case. A jet of chlorine gas burns 
with a flame in an atmosphere 
of hydrogen gas ; also, a jet of 
hydrogen burns in an atmos- 
phere of chlorine: 

Ho + Clo — > 2 HC1 

Phlogiston. Becker, and later Stahl 
(1 <23), sought to explain combustion 
by assuming the escape of a sort of 
volatile spirit called phlogiston! The 
ash of wood no longer burned be- 
cause it had lost all of its phlogiston. 

2. \\ hv does the ash of wood or coal 

weigh less than the original fuel while 

the ash of heated metals weighs 
more ? 


18.. represented a candle placed directly under an open tube filled 

. , uk V T T ’ *“ ba ' anCCd by on the other pan of 

V ei. ' Tclur . ■ T dlc ,S P*» W. .tab. n* increase in 

by the increase in cvcieh. ' tU ' mMion «* *» iron oxide is indicated 


R ? actio - accompanied by the evolution 

cxtentl, hettt ,o Sr'"’ “r thc a PP'-ation of 

' a,n 1 u rn aro exothermic. In measuring heat 
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HEAT OF COMBUSTION 

we use the calorie as a unit. A calorie is the amount of heat 
required to raise the temperature of one gram of water one degree 
(at 15° C.). The large calorie (Cal.), one thousand times as great, 
is sometimes called the kilogram calorie. The heat of combustion 
of a substance may be determined with a calorimeter bomb 











Fi g . .9. Heat of comb,.,, ion 

", cSc ; 5 *n device to start combo,, ion of sample 

in compressed oxygen. (Welch Scientific Co.) 

(Parr type) immersed in a known weight of water with a ther- 
mometer and stirrer. The bomb, with an electric igmtion device 
to start combustion of the sample in compressed oxygen, ts 
shown in the center of Fig. 19. . , „ 

The heat of combustion of any pure substance ,s the number of 
calories liberated when a formula weight (molecular weight m 
grams) is burned. For example, a molecule of carbon ^tnono: Kid 

weighs 28, hence its formula weight is 28 g. cn - 

gas burns, it liberates 68,400 calorics and becomes carbon di- 

oxide 


48 


OXYGEN 


Of course the heat of combustion of hydrogen is the same as 
the heat of formation of water. It is also obvious that substances 
with the highest heat of formation must be the hardest to de- 
compose by application of external energy. The amount of heat 
required to decompose a given weight of a compound into its 
constituents is equal to the amount of heat given off when the 
same weight of the compound is formed from its elements. 

The following table gives the heat of combustion of several 
substances: 


SUBSTANCE 

Carbon 

Sulfur 

Hydrogen 

Carbon monoxide 

Mclhanc 


FORMULA WEIGHT 

c = 12 g. 
s = 32 g. 
H 2 = 2 g. 

CO = 28 g. 
CH< = 16 g. 


HEAT OF COMBUSTION 

94,480 calories 
70,920 
68,310 
68,400 
210,800 


3. How much heat is liberated when 58 g. of sulfur burn? When 120 g. of 
carbon burn to C0 2 ? 


In the auto, 1 gal. gasoline -f 1200 cu. ft. air 


Exhaust gases 
(including 
nitrogen) 


7 lbs. water 
1 2 lbs. carbon 
dioxide 
4 lbs. carbon 
monoxide 


Engineers quite commonly refer to British Thermal Units, 
B. I\ U., instead of calories. This B. T. U. is the amount of heat 
required to raise the temperature of one pound of water 1° F. 
Since 1 pound = 453 g. and 1° F. = £ of 1 ° C., it is evident that 
1 B. r. U. = 252 calories. Very good soft coal may yield 
1 5,000 B. T. U. per pound of dry fuel. 

4. A ton of coal with a B. T. U. value of 1 5,400 per pound will raise the tem- 
perature of how many liters of water 70° C.? 

5. Calculate the number of B. T. U. obtained by burning 12 pounds of sulfur. 
The heat of combustion of sulfur is 70,920 calorics. 


An exothermic reaction frequently continues of its own accord 
when once started, but an endothermic reaction continues only 
when forced to do so by the use of energy from external sources. 



Chapter 6 


OXYGEN (continued), 

and ozone 


Oxidation. The union of oxygen w.fh a substance s ailed 
oxidation. (Later we shall find other ^acuons also mclud 

under that term in a broader definition ) tLper- 

slow that no light is evolved and very l “ e ’ any subs tance 
ature noticed. As a matter of fact w tc < ‘ liberated 

is oxidized slowly, exactly the same quan 1 y s 

as during v.olent burning. In slow fatten heat » usuahy.cm 

ducted away so rapidly that a rise J me ,als (rapid 

senting formula weights in grams. 

2 Zn + o, _ 2 ZnO + 170,000 cal. 

• hroueht about by the union of 
The change from “hard” cider f acctic acid. The “mother of 

alcohol of the cider with oxygen of the air 
vinegar” is an organism that aids this reaction. 

The animal body is a wonderful apparatus 
food. The oxygen of the air met • ^ vcnous blood to form 

combines with the bluish hem g oxyhemoglobin is 

red oxyhemoglobin of arter.a blood. I ^ lQ thc 

taken through the smallest capi a ‘‘^ (hcm into carbon dioxide 
wornout tissues of the body, dioxidc is exhaled from 

and water for the greater pa • inla i n s the animal tem- 

the lungs. The heal of this oxi a u> < evolved when 

perature and is approximately equal to thc 
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the same food is burned rapidly in a calorimeter. In other words, 
the animal’s body is both furnace and engine for the conversion 
of the chemical energy of food into heat and motion. 

The “drying” of paint is not the loss of water but the oxidation 
of linseed oil to form a tough solid that is no longer sticky. 

Finely divided lead ignites when dusted into the atmosphere. 

The lead is prepared by using lead tartrate as a source oflead. This compound 
is obtained as a white precipitate by adding a saturated solution of rochelle salts 
to a saturated solution of lead acetate. The precipitate should be washed and 
dried. Place the lead tartrate in a 6-inch test tube to about one-third of its vol- 
ume. Clamp the test tube in a horizontal position. Heat it gently with a burner 
and keep the temperature low by moving the flame back and forth. When the 
white lead tartrate has all decomposed into the black finely divided lead, stop 
the heating and seal the end of the tube with a paraffin dipped cork stopper. 
To ignite the lead, remove the stopper and allow the loose powder to drop 
through the air. If the tartrate is heated too vigorously the lead will not ignite 
when thrown into the air. (E. T. Mitchell.) 


Spontaneous Combustion. If the heat from a slow oxidation 
is not conducted away fast enough by air currents, it may ac- 
cumulate, finally bringing the temperature of the substance to the 
ignition point. I his is spontaneous combustion. Coal is oxidized on 
storing and a loss of several per cent occurs. In rare instances the 
toal may ignite spontaneously. Oxidation of fat-soaked rags has 
keen known to raise their temperature to the ignition point. 

Uses of Oxygen. Oxygen is a most useful element. Essential to 


animal life in burning out waste tissue and furnishing heat, 
beneficent in its disposal of sewage and other waste matters that 
would otherwise be a nuisance and a menace to health, vital in 
developing heat, light, and power from fuel — it is, in short, the 
central element. Oxygen, compressed in steel cylinders, is used 
for die oxy hydrogen (or oxyacctylene) torch. This is a burner by 
which hydrogen or acetylene is burned in pure oxygen instead of 
in air. The extremely hot flame produced cuts through iron (by 
melting and burning the iron) like a knife. The transportation 
j .f rap iron occurring in such inconvenient forms as bridges, 
boilers, etc., ,s tremendously aided by cutting it into smaller sec- 
tions with the oxyacetylcne torch. Again, the localized high 
temperatures arc convenient in welding. Unfortunately the oxy- 


INFLUENCING THE SPEED OF REACTION 
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acetylene flame has been of great help to burglars in opening 
safes. 

The oxygen tent or mask has helped many invalids too weak to breathe the 
requisite amount of air. One-fifth the effort supplies the sufferer with the same 
amount of oxygen if the pure gas is used. In the thin a.r of the substrato ph 
aviators need the aid of cylinders of compressed oxygen and motors need 

aid of superchargers. JJJiJL. ' (\[0 • WIT W 

For very high altitude flying full oxygen cylinders are as 
important as full gasoline tanks. Each member of the crew may 
breathe seven cubic feet an hour. Submarine crew, hhew e 
require cylinders of compressed oxygen. As a “ 

the size and weight of the compression cooling . 
units for separating oxygen from air was considerably reduced^ 
Reminiscent of the old and obsolete Brin process was research on 
an organic compound of cobalt that would readily take up 

oxygen from air and give it oil (pure) a, 

lower pressures. If industrial oxygen, even ol only 90 per «* 

centration, can be prepared at low cos, so tha, .. 

be used to enrich air for the “bias,” in separation of iron from , . 

ores it would find greatly increased use- Here » ^ 

great importance. Vigorous res, ah ^ ^ ncar $3 . 0 0. 

predictions of a price drop lioin • I n irtial 

a , ' - oxvucn (not air) is used loi the partial 

At a new plant in Texas oxyg ^ uc(ion of RasoUnc 

oxidation of natural gas as a stc| I icsult in 

and diesel fuel. Similar reaction with coal prom,, o -sult i, 

manufacture of useful liquid fuels. Oxygen plan n°w ^ unde 

construction or planned will produce thousands of tons daily 

approximately 90 per cent coneenmaMon propelled 

Some of the German rocket bombs were i 

by alcohol or gasoline, and liquefied oxygen. 

I fl • Sneed of Reaction. The speed of chemical 

Influencing the Speed of , thc concentration 

reactions is greatly influenced by te p > md by 

„ . b „ i-,, t Uf* nrescncc of catalysts, ana 

of the reacting substances, by 1 

the amount of contact surface. .1 t u r soec d of 

A rise in temperature of 10 C. d ^ ( _ ^ ^ a mi | lionfo l d 
most reactions. A rise from - 
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increase in velocity of reaction. This is understood when we re- 
member that a rise in temperature means that the molecules 
move faster, consequently hit each other harder and oftener. 
Reactions probably continue at low temperatures but at rates 
too slow to observe. A reaction requiring 1 sec. for completion at 
200° G. will require 1 1 days at 0° C. 

Admiral Byrd found that he could not use flashlights in the south polar re- 
gions because the intense cold stopped the necessary chemical action of the dry 
batteries. 


This temperature influence is familiar in cooking. In a pressure 
cooker with the steam retained by a tight lid tough meat is made 
tender at perhaps 125° C. in a fraction of the time required in an 
open vessel where the temperature would be little more than 

100° c. 

1 he concentrations of two substances thoroughly mixed also 
affect speed of reaction. The effect can be expressed quite simply 
in the phrase “opportunities for contact.” If, for example, in a 
milliliter there are one million molecules of A and one million 


of B, the reaction takes place at a definite speed. Now if the 
concentration of A be doubled, two million molecules in the 
milliliter, it is obvious that the opportunities for contact be- 
tween A and B will be doubled, that is, the speed of reaction 
will be doubled. If. next, the concentration of B increase to three 


million molecules for each milliliter, the velocity of reaction 
muM increase to 3X2 or 6 times the original. Charcoal and 
other ( om!)ustible< burn more brilliantly in pure oxygen than in 
aii because only one-fifth of air is oxygen, and consequently pure 
oxygen at the same pressure has live times the effective concen- 
tration of air. f urthermore, much of the heat produced is 
absorbed in raising the temperature of the useless nitrogen. 

\\ id; two substances that cannot be mixed thoroughly, such as 
a solid and a gas, the amount of surface of the solid is of great 
importance. Splinters or shavings burn much faster than a thick 
log a matter of “opportunities for contact.” Coal dust now is 
blow n into cement kilns with air and burned like a spray of oil. 
It is also used in power plants. 
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Dust Explosions. Danger from inflammable dusts occurs in industries han- 
dling flour, starch, grain, sulfur, coal, leather, alfalfa, sugar, soap, cocoa, er- 
tilizer, feeds - in short, where any combustible mater, al is ground into dry 
dust. In some years dust explosions have caused a loss of scores of hues and 

millions of dollars in property. 

Catalysis. A catalyst (page 41) is a substance that aids or 
retards a reaction without itself being permanently changed. 
Some catalysts condense the reacting substances on their surface, 

thus bringing in the influence of increased concentration and 

possibly making the condensed molecules more active by weaken- 
ing the attraction between the const, tuent atoms. In some ctg 
lighters the vapors of methyl alcohol mixed with a. r pass over a 
thin roughened platinum wire. There is little oxidation without 

the platinum. Some gas lighters act in the same way. 

Other catalysts may enter into a reaction but are re “ cd 
their original form by further reactions. It is evident that ve : y 
small amounts of the catalysts can be used many times over 
almost indefinitely, in fact. Platinum powder is an mvaluab e 
commercial catalyst, for by its aid sulfur dioxide ,s rapidly 

oxidized : 

2 S0 2 + 0 2 — 2 SO., 

The trioxide formed finally reacts with water to torn . sulfuric 
acid. Also nitrogen and hydrogen unite at a profitable rate 
the help of special catalysts: 

N 2 + 3H 2 ->2NH, 

Since ammonia (NIC, is valuable in making fcr«ij«en i and is 
easily oxidized to nitric acid by the further use of plaimum 
catalyst, it is plain that catalysis is not a ‘heoretica ub ccL 
There are thousands of catalysts, including water itself, 

certain reactions. 

e™ • • r . | vc. iV be crcatly affected by impurities. Increase in 
The activity of a catalyst m > ^ iq .. isons .” Pure copper catalyzes 

activity is due to ‘promoters V whereas addition of only 

the addition of hydrogen j^laly^ this rvacl.on jusl as wd, 

0.1 per cent of chromium oxide to II 

at 75° C. 
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OZONE 


Occurrence. There has been much argument as to the exist- 
ence of traces of ozone in the air. In high-barometer areas, which 
are merely whirling mountains of air, the upper air is thrown to 
the earth's surface faster than under any other conditions, espe- 
cially on cold, bracing days of winter. As a result the ozone 
formed several miles up by the ultra-violet rays of the sun reaches 
the surface before it is all destroyed by heat, dust, and other 
agencies. Air is not very permeable to ultra-violet light and so 
the action of these rays from the sun is greatest in the upper 

layers. Cold, dry, and dustfree, the upper air favors the existence 
of ozone. 


There is evidence of the existence of an ozone blanket 25 miles 
above the earth, only enough to form a two-millimeter layer if 
pure, yet this blanket helps to protect us from sunstroke. 

I roperties. C )zone is a gas 1 .5 times as heavy as oxygen, color- 
less, ol a pungent odor, somewhat soluble in water and far more 
active chemically than oxygen. Liquefied, it is a dark indigo blue. 


oo 



► 

COO 


OO | 

cP 

9d 

< 



I ig. 20. I hire volumes of oxygen yield two volumes of ozone, 


I lie change Irorn oxygen to ozone is reversible: 

3 O, «=! 2 (), 

Whrn ozone oxidizes any substance, it often does so with one 
o1 l, ‘' releasing a molecule of oxygen. Thus: 

1 L-S + 0 3 I 1,0 + S + 0 2 

‘ >/nn ‘ moi< ‘ " mv oxygen; it contains more chemical 

'■n.-i U v ii.'MMuiiiied ! I oin the energy of the silent electric dis- 

< | hai ^ r nr ’ l,ra ' vio, e f Uni". A gram of carbon burned in ozone 

' lus n ‘ore heat than a gram of carbon burned in oxygen. 

I Ins additmn.il heat comes from the decomposition of ozone. 

1 urpcntnn reacts with ozone to form an ozonide, a powerful 
oxidizing aic m 
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TESTS 

Preparation. Although made in nature chiefly by the ultra- 
violet rays of the sun, ozone is produced in the laboratory and 
on a commercial scale by the silent electric discharge through 

air or oxygen. . 

The irritating effects of ozone made by electric spark dis- 
charges are due to the considerable amounts of oxides of nitrogen 
formed along with the ozone. Ultra-violet rays yield a much 
better product with only a small fraction of the usual amount of 

toxic oxides of nitrogen. 

Allotropic Forms of Elements. A number ol elements such as 
oxygen, hydrogen, nitrogen, phosphorus, sulfur, carbon, and non 

are capable of existing in two 

or more forms, with different Tin Foil on Outer Tube 

energy contents and differ- 
ent physical properties but 
with unchanged (or little 
changed) chemical proper- 
ties. These allotropic modifica- 
tions (oxygen-ozone; white 

phosphorus-red phosphorus; , ;f r , 

etc.) of elements are made up of molecules concammg different 

numbers of the same ato.ns, or with different arrangements of 

atoms, and have different amounts of energy. 

Uses. Ozone has been used to sterilize water, to do troy otto , 
to purify indoor air, to sterilize bandages in hospitals, to bleach 
oils" flour, delicate fabrics, and in a few oxidation processes m 
chemical manufacture. It is easy to overstate its value m the 
•a .• air O/onc is used also as a bleaching agent, a 

Tdo—b 0 oxidmir of odorous substances) and as agent 
for rapid oxidation of oils used in linoleum. It also some 

value as an aid to oxidation by oxyg< n. • 

Tests. Some authorities claim to smell one pat t of ozone in 

10,000,000 parts of air, rivaling hunting dogs in 

simple test is the development of blue color m a starch-potass, um 

iodide paper: 

-> 0 2 + u + 2 KOH 


0 3 *-Tin Foil on Inner Tube 

Fig. 21. Laboralorv ozonizer. 


O s + 2 KI + H„0 
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Ozone releases free iodine, which then turns blue on contact with 
starch. Unfortunately any good oxidizing agent such as nitric 
acid or hydrogen peroxide will do this. Consequently this test is 
useful only in their absence. 

An excellent qualitative and quantitative test for ozone is described in the 
Journal of Chemical Education, 6, 1350 (1929), and in the Analyst, 54, 189 (1929). 


The rapid weakening of rubber by ozone has been utilized in 
the development of a simple ozone test. ( Chemical Industry , 49 , 
170 T (1930).) 

Chemical Problems. If it is desired, for example, to learn how 
many grams of oxygen arc driven ofT on heating 200 grams of 
potassium chlorate, it is a matter of simple calculation after 
writing the balanced equation: 

2 KCIO, — 2 KC1 + 3 0 2 


Write the weights in grams of the two substances directly con- 
cerned above their formulas in the equation and the weights of 
the correct number of molecules or atoms just below: 


Then follows 


200 g. .v g. 

2 KClOa -> 2 KC1 4- 3 Oo 
245 96 

200 .v 

245 ” 96 


.v = grams of oxygen released 


Note that we do not always set down the mere molecular 
weight. In tin* illustration above the balanced equation tells us 
the absolutely necessary fact that for everv two molecules of 

0 

potassium chlorate heated we secure three molecules of oxygen 
gas. We therefore compare the weights (made up of weights of 
all the atoms in the molecules) of 2 K.CIO3 and 3 0 2 . 

Il preferred the ratios may be written: 

200 g. _ 245 
vg. ” 96 

Choose one mTiod and stick to it. 


CHEMICAL PROBLEMS 
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Exercises 

1. Compare the properties of oxygen and ozone. 

2. Describe four methods of making oxygen. 

3. Give two examples of an exothermic reaction. 

4. What is catalysis? Examples? 

5. Of what importance is it to fish that oxygen is slightly soluble in water. 

6. How did Lavoisier prove that oxygen is one-fifth of air by volume? 

7. Burn 200 g. of magnesium (flashlight metal). Does the ash weigh more or 
less than 200 g.? How about a candle? 

8. Why select oxygen as the first element to study? 

9. What weight of oxygen may be obtained by heating 480 g. o >arium 

peroxide? . 

10. What percentage by weight of free oxygen is obtained by heating (1 ) mer- 
curic oxide, (2) barium peroxide, (3) potassium chlorate . At *1.50, 

and 50.15 per kg. respectively, which is the cheapest source of oxygen. 

11. How many grams of oxygen will be obtained by treating 149 g. of sodium 
peroxide with excess water? 

12. Complete these statements: Phosphorus pentoxide is the . . of phosphoric 
acid. Calcium oxide react, with ...to form the base, calcium hydroxide. 

13. Why do you suppose Lavoisier stopped heating the mercury at the 

of twelve days and why didn't he quit at the end of a week. 

14. How can reactions be speeded up? Between a solid and a gas? A solid and 
a liquid? 

15. What makes ozone in the upper air? . 

16 If 68 310 eal. of heat are released when 2.01 6 g. of hydrogen unite with 1 > g. 
of oxygen to form 18.016 g. of water, how much heat (or Its equivalent m 
electricity) would be required to decompose 18.016 g. of water 
17. Which of the following will lx- the most stable? Which the least? Heats of 
formation arc given below. 

.. 83 000 cal. Silver oxide 6,9 n0 cal. 

Magnesium oxide . ■ 146J00 cal. Silicon dioxide Weal. 

Aluminum oxide 399,000 cal. 

18 While we were grinding pure potassium chlorate in a clean mortar in our 
laboratory a sharp explosion occurred. We observed . ha, the pestle had a 
handle of wood and a grinding end of porcelain. Can you explain .he 

explosion? . . . , 

19. Why not attempt to burn the ashes from your furnace again, and again. 

We assume efficiency in the fireman. 
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20. If oxygen suddenly became very soluble in water what changes in life on 
earth would take place? 

21. Priestley was the first to collect gases over mercury. What type of gases do 
you think could not conveniently be collected over water? 

22. Mercuric oxide is stable up to 426°; magnesium oxide to 2640°. Which of 
the two metals is the more active? 

23. How may greatly lowering the cost of 90 to 100 per cent oxygen affect you 
personally? 

24. Calculate the cost of oxygen (exclusive of heat costs) per 100 lbs. obtained 
from 

Xa-.0 2 at 80.62 per lb. 

KClOi “ 0.31 “ “ 

HgO “ 1.46 “ “ 

K.\'0 3 “ 0.56 “ “ 

Could you recover and sell any by-products? 
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6. Physical Properties of Oxygen. 

Meaning of critical temperature and critical pressure of a gas? 

7. Chemical Properties. 

Six illustrations of combustion (equations). 

Metals and non-metals. 

Anhydrides. 

Equations showing the reaction of some oxides with water. 
Preliminary definitions of acids and bases. 

What are oxides and how are they made? 

8. Combustion. 

Exothermic and endothermic reactions. 

Meaning of heat of combustion of a substance. 

9. Oxidation. 

Common examples of oxidation. 

10. Spontaneous Combustion. 

11. Uses of Oxygen. 

12. Influencing the Speed of Reaction. 

Effect of temperature. 

Effect of concentration. 

Effect of catalysis. 

Examples of catalysis. 

13. Dust Explosions. 

14. Ozone. 

Occurrence in the air. 

Properties. 

Preparation. 

Uses. 

Test. 

1 5. Allotropic Forms of Elements. 


Review Suggestions 

You have now studied five chapters. It is time to form the invaluable 
habit of constantly reviewing. Out of every two hours you use in prepara- 
tion for a lecture spend one fourth of the time, half an hour, ,n review 
and make it the first half-hour. Otherwise you will find the time gont on 
the advanced lesson with no review. Your intention to catch up some- 
day will be excellent, but such intentions are too often not made good . 

Write equations constantly. Repeat those in the text and think up 

others to describe every reaction you have observed. 

Do not read your lesson three times and assume that because you 
clearly understood every statement as you read it you have a thoroug i 
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grasp of the chapter. The test of your knowing the lesson is this. Can 
you shut the book and write an outline of the leading topics and then 
tell to yourself the leading facts under each topic head? Be as critical of 
your knowledge as your teacher may be on quiz day. Most students 
pamper themselves. 

Skim the chapter to get a bird’s-eye picture of it. Then carefully read 
the first topic once, shut the book, and tell yourself the main points of 
that topic. Sec if you are right. Read the next topic the same way. On 
finishing the last topic you will know the lesson. 

Do not commit to memory the atomic weights. You will learn formu- 
las by using them. Remember only the most important properties of 
substances. 

Get a friend to open the text and quiz you on some chapter. Then 
quiz him on another chapter. 



Chapter 7 gases 


It is a significant fact that any gas spreads (diffuses) through any 
other gas with great case, almost as if the second gas were not 
occupying the given space. When we add the characteristic of 
nonsettling to such properties of gases as a great tendency to 
expand, great compressibility, great diffusibility, and great per- 
meability, we arc forced to explain how the structure of gases 
differs from the structure of liquids and solids. The gas laws im- 
mediately following lead into the kinetic theory of gases. 

Boyle's Law. Boyle (1660) observed that the volume occupied 
by a given sample of any gas varies inversely with the pressure, if 
the temperature is kept constant. Accurate measurements showed 
that if the pressure was doubled on a given volume ol a gas 
(keeping the temperature constant) the volume was reducec 
one-half. With three times the pressure the volume became one- 
third the original. This generalization can be formulated 

mathematically thus: 

§ = £ or PxV\ = P 1 V 2 or Vi = V 2 X ^ 

where I\ and V x arc the first pressure and volume and P> and V 2 
any other pressure with its accompanying volume. Since the 
product Pi Vi is equal to any other pressure -volume product such 
as P 2 V 2 for the same weight of the gas, it is sometimes said that 
the product of the pressure times the* volume of a gas is a con- 
stant value. It is our custom to refer to the average atmospheric 
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pressure at sea level (enough to hold up a 760-mm. column of 
mercury in a barometer) as the standard pressure. 

The simplest form of a barometer (on the right in Fig. 23) consists of a tube, 
over 760 mm. long, filled with mercury and inverted in a cup of mercury. The 
pressure of the air holds up the mercury in the tube to a height of about 760 mm. 
at sea level. If the tube is longer, there is a vacuum at the top. The cup may be 
dispensed with by using the form of tube represented on the left. 



Fig. 22. The volume occupied by a 
given number of molecules of a gas 
varies inversely as the pressure. 



Fig. 23. Barometer (two 
forms). 


Atmospheric pressure varies with the weather, the passage of 
high - and low-barometer areas sometimes causing a variation of 
SO mm. or more in die barometric reading. 

A man bus ing a million liters ol a rare and expensive gas could 
be cheated ii he failed to stipulate the pressure. Since gases 
expand indefinitely, a very small weight of a gas could occupy a 
million liters volume. \\ e do not always measure gases at exactly 
760 mm. pressure, but we calculate from Boyle’s Law what the 
volume would be ii the pressure were changed to the standard 
. (>0 mm. l or example, 400 ml. of air at 740 mm. would occupy 
what volume at 760 mm.? Using the formula 

r - - x £ 

we may let l\ represent die volume to be calculated and P x the 
standard pressure, - 60 mm. 1 o make it clearer 
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P-. (observed) 

V, (standard) = V 2 (observed) X ^ (standard) 

Substituting, we have 

Vi (standard) = 400 X = 389 ml. 

To aid the memory one merely recalls that the observed volume 
is multiplied by a fraction with the two pressures for its terms. 
Also if the change to 760 mm. means greater pressure, the gas will 
contract and therefore the numerator must be the smaller value. 
The calculation is similar if the change to 760 mm. means less 

pressure and consequent expansion. 

The abbreviation “ml.” stands for milliliter, approximately the 

same as the cubic centimeter, “cc. 


Exercises 

1. Convert 320 ml. of dry gas at 730 mm. to the volume at 760 mm 

2. Convert 560 ml. of dry gas at 775 mm. to the volume of 760 mm 


High Vacua. In spite of the great efficiency of devices for removing gas 
molecules from vessels, scientists never yet have obtained a vacuum in which one 


milliliter included fewer molecules 
than there arc people on the earth. 

The Langmuir vacuum pump, 
operating on the mercury vapor 
condensation principle, is used in 
connection with a backing pump 
capable of exhausting gases to a 
pressure only sufficient to hold up a 
column of mercury 0.1 mm. in 
height. With this as a start a lower 
pressure of 0.000002 mm. is readily 
obtained and one - tenth this is possi- 
ble. “If from a liter vessel of gas 
there were removed 1 ,000,000 mole- 
cules a second, nearly 700,000,000 
years would be required for the re- 
moval of practically all of the gas; 


To Backing Pump 


1 



Fig. 24. A vacuum pump that uses a 
stream of vapor from boiling mercury 
(condensed and returned) to sweep out 
gases. 


but the Langmuir pump accom- 
plishes this in two seconds.” Even after exhaustion with a Langmuir pump a 
small electric light bulb would still contain twenty to thirty millions of millions 
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of molecules. To find a nearly perfect vacuum we should have to go out to inter- 
stellar space where, in the volume of a common electric light bulb, there seem 
to be only one or two hundred gaseous molecules. High vacua, or even partial 
vacua, minister to our comfort and serve well in many ways. They made possible 
the original incandescent lamp (although the type has since changed), the 
X-ray tube, the radio tube, the photoelectric cell of television, the thermos 
bottle, and increased the efficiency of steam engines and turbines. High- 
vacuum distillation has been adopted by industry. 

At the opposite extreme are the high gas pressures developed by explosion in 
the largest cannon, up to 45,000 p.s.i., pounds per square inch. 


Fahrenheit Centigrade 

Scale Scale 


O 


Absolute 
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Charles’ Law and the Absolute Temperature. Charles in 
1787 observed that on cooling any gas from 0° C. to —1° C. it 

contracted of its volume. 
It was a simple inference that 
if cooled 273° C. below 0° C. 
its volume would be nothing at 
all. However, in practice all 
gases become liquid before they 
have been cooled 273° C. be- 
low 0° C., and after it becomes 
liquid a substance no longer 
obeys the gas laws. There is a 
real convenience, however, in 
calling this imaginary point of 
no translational or random 
motion of molecules absolute 
zero, — 273° C., very accurately, 
-273.10°. 

In honor of the eminent physicist, 
I.nrd Kelvin, this temperature is usu- 
ally termed 0° K. 
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At absolute zero the atoms 
or molecules of solids have lit- 
tic if any kinetic energy, but the electrons probably have motions 
and energies ol a high order. 1 lie most difficult gas to liquefy is 
helium, which must be cooled to — 2o8.7° G. 

rein perat ure is a measure of the condition that determines direction of 
transfer of heat Iroin one body to another. 
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Figure 25 shows the relations between the two tempera- 
ture scales. To change from a Centrigrade reading we merely 
add 273° to get the absolute temperature. For example, 17° C. 
= 17° + 273° = 290° K. 

3. Convert - 56° C. into the absolute temperature. 


Charles’ Law is merely an observation that the volume of a 
given sample of a gas varies directly as the absolute temperature 
(if the pressure is kept constant). For example, to double the 
volume that a gas occupies at 20° C. we should need to heat it 
not to 40° C. but to twice the absolute temperature. The tem- 
perature 20° + 273° = 293° K. Twice this is 586° K. or 313° C. 

When heated to 586° K., the gas would have twice its original 
volume. Charles’ Law is, therefore, formulated as follows: 


V\ 

V 2 


Ti 

T, 


= ~ or 


V, = v 2 X - 


r, 


T> 


where T\ and T 2 refer to absolute temperatures. When we speak 
of a liter of oxygen weighing 1 .429 g., we mean a liter at 760 mm. 
pressure and 0° C. Since gases expand on healing, there can be no 
accuracy without reference to a definite standard temperature. 
Obviously we do not care to measure gases in rooms at 0° C., but 
we can apply Charles’ Law and calculate what the volume would 
be if the gas were cooled to 0° C. For example, what is the volume 
of 400 ml. of air measured at - 1 8° C. when warmed to 0° C. ? 


V (standard) = V (observed) X 2?3 


273 


- 4 - / 


where t° is the Centigrade temperature. Substituting values 

V (standard) = 400 X Id = 428 ,nL 

One should note that the observed volume is multiplied by a 
fraction with absolute temperatures for its terms and that if the 
change is to a higher temperature the gas will expand, occupying 
more volume; therefore the numerator must be larger than the 
denominator. The observed volume of a gas can be brought to 
760 min. and 0° C. by applying both corrections at once. For 
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example, 400 ml. of air at 740 mm. and —18° C. would have 
what volume at standard temperature and pressure? 

V (standard) = 1' (observed) X X = 417 ml. 

It also follows from Charles’ Law that for each degree rise in 
temperature the pressure of a gas increases by if the volume 
is kept constant. 

When gasoline explodes (with fifteen times its own volume of 
air) in an ordinary auto engine, approximately 58 volumes of all 



I -6. Charles’ Law is mainly 
rrsponsil >lr lor move me nt of the 
piMon m .m automobile rvlinclrr. 


the gases concerned are converted 
into new substances that would oc- 
cupy about 62 volumes if kept at 
the same temperature as before. 
T he great increase in pressure actu- 
ally observed must be due to the 
very high temperature of reaction 
which makes the molecules (almost 
the same number as before) move 
with greater velocity. Yet 40 per 
cem of the heat is lost with the 
exhaust. 

1 he effect of Charles’ Law is 
evident in jet propulsion airplanes 
and rockets. Air, compressed by 
power from the gas turbine, meets 


fuel and spark to burn in an alloy 
s,lvl Al l!l, ‘ temperature resulting the greatly in- 

‘ ,< ' a ' ,<1 •* il '*><• entering or formed exerts pres- 

smt- against ., jet turbine operating the compressor and, in es- 
caping tin ough an opening, exerts a powerful backward thrust. 

It is this thrust that i novo the plane at 600 miles per hour, or 
faster. 


In tin I >i< m 1 engine tin- work done in compressing the air 

alone (lust step in operation, raises the gas temperature to 

538 C. When fuel oil is -prayed into this hot mixture it ignites 
explosively. 


4. Convert 890 ml. of «jas .a l-J° a ,„ 


to volume at 0° and 7 60 min. 
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The pressure required to prevent expansion of a gas on heating 
varies directly as the absolute temperature. When TNT explodes 
the volume of the hot gases formed is 2360 times that of the TNT. 

Note: Distinguish carefully between temperature and quantity of heat. One de- 
gree change in temperature does not correspond to one caloric except when it 

concerns one gram of water . 



Fir 27 The chemical energy locked up in gasoline is released by reaction with the 
!; g y R en o7t^e air Heat of faction expands the gases formed. (Courtesy General 


oxygen 
Motors Corporation.) 


It is hard to believe but there is more power in gasoline than in 
an equal weight of nitroglycerine. 

In 1597 the first thermometer was invented (by Galileo); in 1721 the Fahren- 
heit scale; in 1742 the Centigrade scale; and in 1880 the present clinical thcr- 

mometer, invaluable aid to the physician. 


Low Temperatures. Onncs induced an electric current in a lead ring at 
1 .7° K . The electric resistance was so low that current continued to (low lor 

some time after the exciting cause was gone. 

Although Onnes cooled helium, by evaporation of ,ts own Itt^.d form 
within one degree of absolute aero, he believed that .. would reman, fluid even 
at 0° K. However, in July, 1926, only a few months after the death of Onn 
his associate Keesom, at the University of Leyden froze helium to a solid la 
0.9” K. under 28 atmospheres pressure. In 1935 DcHaas at Lc| cn an 
a new low temperature, only 0.0044” above Absolute Zero. Lit, end a, r was used 
to cool compressed hydrogen until it liquefied ; the liquid hydrogen upon 
evaporation produced a further euoling circc. suffleent to liquefy chilled and 
compressed helium, which upon expansion produced further cooling. 

The final stage depended upon the heat effect, m magnetization of certain 
paramagnetic sails. More recently 0.003” K. has been reached^ salt of gca 
magnetic sensitivity such as CdifSO,),-# H,0 or K-CrfSO. , 12 H,0 b 
sealed in a small container with helium gas. This tube is surrounded by hquelkd 
helium in a Dewar llask. The apparatus is then placed in a magnetic field wl c c 
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some of the magnetic energy is changed to heat by the sensitive salt. The 
warmed-up helium gas is pumped off and the magnetic field broken. The re- 
verse effect, lowering of temperature, is then observed. 

At such extraordinarily low temperatures some metals and alloys show almost 
no resistance to the passage of the electric current. Following the example of 
Onncs, a startling demonstration of this property was used by McLennan to 

entertain the Roval Institution in London. “I exhibited to the audience a 

# 

closed ring of lead immersed in liquid helium and carrying a current of more 
than 200 amperes. The current had been started (by induction) in the super- 
conducting lead ring some six hours earlier in the afternoon by Prof. Keesom 
in Leyden, and it persisted undiminished in intensity while being transported 
by aeroplane to London.” Pure lead suddenly becomes super-conducting at 
7.2° Abs. (or K..) while mercury must be cooled to 4.22° K. Gold remains 
indifferent. 

At temperatures approaching Absolute Zero, quartz conducts electricity as 
well as copper does at room temperature. 

Low temperature ( — 50° C.) is utilized by the oil refinery in removing 
paraffin wax. 
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Systems of thermometry depend for their accuracy upon sharp 
changes of state such as the freezing of water, boiling of water, 
and melting points of various elements or pure compounds. Con- 
sequently the accurate determination of 
3810° K. as t he vaporizing temperature 
of carbon in the arc gave us a much 
needed reckoning point in the upper tem- 
perature range. 

Law of Partial Pressures. Dalton noted 

that the total pressure of a mixture of 
gases was the sum of the pressures that 
would be exerted by each gas if the 
others were not present (temperature be- 
ing the same). All gases collected or meas- 
ured over water have water vapor present, 
which exerts a part of the total pressure. 
1 o learn the actual pressure exerted by 
the dry gas we must subtract the pres- 
sure due to water vapor at the given temperature. To show 
how the values for the pressure oi water vapor can be obtained 
we can (ill a tube over /(><* mm. long with mercury and, closing 


Ether Bulb 


Fig. 28. When the bulb of 
thin glass at b is broken by 
pressing down A. ether va- 
porizes and adds its partial 
pressure to that of air in 
D. Liquid falls at B and 
rises at C. 
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the end with a thumb, invert the tube, placing the open end 
in a dish of mercury. The mercury is held up to some definite 
height, depending on the pressure of the air, 760 mm. at sea level. 
We have thus a simple form of the barometer for measuring air 
pressures. If, now, we force a few drops of water (by a medicine 
dropper) under the tube, the water rises into the vacuum at the 
top, a part of it vaporizes, and the vapor exerts pressure down- 
ward on the column of mercury. The mercury falls a certain 
distance, which depends upon the temperature. To determine 
the vapor pressures at different temperatures the tube can be 
surrounded with a jacket through which flows water at desired 
temperatures. A table of “aqueous tension” values is given in the 
Appendix. Since we measure most gases over water, the gases 
are saturated with moisture at the given temperatures. 

Suppose the problem is to correct to standard conditions 
400 ml. of air collected over water at 740 mm. and 18° C. Now 
the observed pressure of 740 mm. is not all due to the air, lor 
15.5 mm. of it is due to water vapor. Therefore, subtracting 
the aqueous tension from the barometric reading, 

740 - 15.5 273 (?) , 

V\ (standard) = V \ (observed) X * 291 


Note: A table of corrections for the expansion of the mercury column due to 
heating above 0° C. is found attached to some barometers. 

5. Convert 424 ml. of air measured over water a, 21" C. and 785 mm. to the 
volume under standard conditions. 

Graham’s Law of Diffusion. All Rases mix homogeneously 
unless they react. Bromine is a heavy gas, but if a little is released 
at the bottom of a tall cylinder of air, the bromine can soon be 
smelled at the top, rising against the force of gravitation. 

Graham measured the rales at which gases diffuse through 
minute holes and found that the speed of diffusion of gases varies 
inversely as the square roots of their densities. Oxygen » about 
sixteen times as heavy as hydrogen, hence hydrogen diffuses four 
times as fast as oxygen. Let R, represent the rate of diffusion for 
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oxygen and R 2 the rate for hydrogen; D x the density of oxygen 
and D<i the density of hydrogen: 

Rx _ x D > = VT = 1 
R -i ~ x D x \/ 16 ~ 4 

6. A liter of carbon dioxide (at 0° C. and 760 mm.) weighs 1.9768 g. and a 
liter of nitrogen weighs 1 .2507 g. Compare their rates of diffusion accurately. 

Professor W. H. Chapin at Oberlin once was asked to deter- 
mine the amount of recoverable gasoline in a certain sample of 
natural gas. Remembering Graham’s Law he allowed equal 



Cone. Il( 1 Ml/’l Cone. NII 4 OH 

I' i i? . 29. ( it .iliam's Law is illustrated by Chapin’s experiment. Within the long 
ulass tube lighter NH S molecules diffuse faster than heavier HC1 molecules, as 
shown by the position of a ring of white NII,C1 formed where they meet. 


volumes of this gas and of dry air to diffuse (separately) under 
the same pressure through a porous clay cup (full of small holes). 
Knowing the average molecular weight of air he calculated from 
the time ol diffusion the average molecular weight of natural gas. 
From tables at hand the percentage of gasoline present was 
easily known. 

Graham • I .aw wa< applied during the last war in an effort 
f successful i to isolate the explosive kind of uranium for use in the 
atomic bomb. A volatile fluoride of uranium diffused through a 
barrier wall containing minute holes, at a rate somewhat different 
from that of other volatile impurities present. Industry may 
apply this technique to separation of helium from natural gas and 
to other gas separations. 

The Kinetic 'I heory of Gases. To explain the facts expressed 
in the laws of Boyle, Charles, and Dalton, as well as certain other 
facts, it is believed that the molecules of a gas are relatively very 
far apart; that they move rapidly in straight lines until they col- 
lide with other molecules, yet rebound with such perfect elasticity 
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that there is no loss of motion; and that gas pressure is caused by 
the impacts of gas molecules. The theory that gas pressure is 
produced by the impacts of separate moving particles is in accord 
with the facts of gas pressure. The walls of containing vessels are 
pounded with a hailstorm of particles moving, at 20° C., at a 
speed of about one mile per second in the case of hydrogen. 

Reliable experimental evidence has recently shown that at 0 C. and 
760 mm. 7 ml. oj any gas contains 2.7 X 70 19 molecules and yet the 
average distance between molecules is about ten times their average 
diameter. 

Cohesion between molecules of a gas counts for very little be- 
cause they are so far apart and, at elevated temperatures, moving 
with such great velocity. But on cooling, their kinetic energy 
decreases and the molecules may' come close enough to each other 
to allow their mutual attraction (cohesion) to become a powerful 
factor. The gas may then become a liquid. At very high pressures, 
then, gases decrease in volume more than could be predicted by 
Boyle’s Law, due to this helping effect of cohesion. There is 
another factor which introduces a deviation from the gas laws. 
At ordinary pressures a liter of gas is mainly space, but when 
highly compressed the part of the total volume occupied by 
actual molecules becomes noticeable. Since Boyle’s Law holds 
only for the change in free space, it loses in accuracy at high 


pressures. 

In any gas some molecules have greater kinetic energy than 
others. We are most concerned with the average. 


As was stated before, a very small mass of any gas expands 
indefinitely, filling any vessel no matter how large. Pressure is 
exerted on all walls of such a vessel. This could not be true if 
gases exerted pressure like the thrust of a spring or the downward 
and sidewise thrust of a liquid. Gas pressure is exerted in ail 
directions and has no limit in distance. The spring has its limit. 

In liquids and solids cohesion is a tremendous factor because 
the molecules are in frequent contact. Yet the molecules are 
moving even here, although in shorter free paths. Evaporation 
of liquids, their vapor tension, and the fact that increase of tem- 
perature transforms solids and liquids into gases, all confiim this 
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view. Mercury is easily volatilized, but we are thankful that 
tungsten is not. for otherwise tungsten electric lamps would not 
last long. 

Absolute Zero now takes on a new meaning. It is the tempera- 
ture of no translational molecular mo- 
tion although the nucleus may spin and 
electrons revolve. 

Van der Waals’ Equation is a correction of 
Boyle's Law based upon allowances for the forces 
of cohesion and the actual space occupied by the 
molecules. 

Critical Properties. When com- 
pressed the molecules of a gas can be 
brought so close together that their own 
attractive forces restrict their motion 
greatly and liquefaction results. The 
lower the temperature the less the pres- 
sure required to overcome the kinetic 
energy ol the molecules. Vet for every 
gas there is a temperature above which 
no pressure, however great, can over- 
come this kinetic energy and produce 
liquelaction. 1 his is called the critical 
temperature (155° K. for oxygen). The 
pressure required to liquefy a gas at its 
• litical temperature is its critical pressure 
l'L5 atmospheres for oxygen). 

Liquefaction of eases by pressure is compara- 
uvrlv oasv lor ammonia, chlorine, carbon dioxide, 
and sulfur dioxide, but both high pressure and 
un at cooling are required to liquefy such gases 
as oxygen. nitrogen, hydrogen, and helium. In 
l.u i it is not so long ago that scientists referred to 
the “live permanent gases.” Now thc\ have all been liquefied, thanks to the aid 
of better methods of securing very low temperatures. Of course it is hopeless to 
attempt the liquelaction of oxvgen until this gas is cooled below “155° K.” 
Sometimes the gases that can be liquefied by pressure alone at room temper- 
aturc arc called “vapors.” 
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Avogadro’s Law. Some of the preceding facts led Avogadro 
in 1811 to the theory that equal volumes of all gases at the same 
temperature and pressure contain equal numbers of molecules. Until 
1860 science paid little attention to this speculation, but we are 

now convinced of its truth. 

Gases must be composed of flying molecules because such a 
kinetic theory explains the observed facts: 


FACTS 

1. Ease of diffusion 

2. Great compressibility 

3. Gas pressure extends in all directions 

4. Boyle’s Law 

5. Charles’ Law 

6. Boyle’s Law and Charles’ Law both 

fail when gases arc nearly liquefied 

7. Liquefaction of gases 

8. Evaporation of liquids 

9. Each gas in a mixture exerts the same 

pressure it would show in absence 
of other gases 


EXPLANATION 

Relatively wide spaces between fly- 
ing molecules 

A given volume of gas is mostly 
space 

The molecules fly in all directions 
and bombard the walls of the 
containing vessel 

Pressure crowds molecules closer to- 
gether 

Molecules fly faster with rise in 
temperature 

The gas laws refer to change in the 
amount of free space between 
molecules rather than to total 
volume; at high pressures the 
molecules themselves occupy a 
very appreciable fraction of the 
total volume; also cohesion be- 
tween molecules aids compression 

Forcing molecules into rather close 
contact brings in the aid of 
molecular attraction in restrict- 
ing freedom of movement 

Molecules at the surface of liquids 
escape beyond the range of at- 
traction of the liquid 

Molecules have plenty of room for 
free movement; since they are 
perfectly elastic, collisions be- 
tween them cause no loss of mo- 
tion, merely change the direction 
of motion 
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(Unless otherwise stated gas volumes are measured at 0° and 760 mm.) 

7. Convert 25° C. to the Fahrenheit reading; 90° F. to the Centigrade reading. 

8. A given quantity of gas has a volume of 1 5 liters at 780 mm. On coordinate 
paper plot a curve showing the application of Boyle’s Law when the pres- 
sure is changed to 150 mm., 200 mm., 250 mm., 300 mm., and 500 mm. 

9. A liter of oxygen at 760 mm. is forced into a vessel containing a liter of 
nitrogen at 760 mm. What will be the resulting pressure? 

10. Could you use water instead of mercury in a barometer? 

11. In the tropics drinking water is cooled by storing it in porous jars. Explain. 

12. How well would a tungsten lamp work at 1.7° K.? 

13. If a liter of gas were heated in a strong container, what would happen as 
the temperature rose 1 ° C. ? The gas could not expand by a l s in accordance 
with Charles’ Law, yet the rise in temperature is accompanied by greater 
kinetic energy of the molecules. 


14. 


loI^ C ?° mUth CnCrgy required to chan S e water at 100° C. into steam at 


15. The density of gases is referred to oxygen, hydrogen, or air. If air is taken 
as a standard (density of 1), what is the relative density of carbon dioxide? 
One liter of air weighs 1.293 g. and one liter of carbon dioxide weighs 

16. A gas collected over water at 18° C. has a volume of 500 ml. when the 

pressure is 7 v> nun. What would be the volume of the dry gas at 0° C., 

(.0 mm.. J (I he partial pressure of water vapor over water at 18° C. ii 
1 5.4 mm.) 

17. ( lie volume of a given sample of gas at 740 mm. and 9° C. is 480 ml. What 
'Mil lie us K-Mime when its volume is 20 ml. and its temperature 15“ C.? 

18. A tta, "mu, pies a volume of 200 ml. when measured over water at 22“ C 

' Vhat vnlu "K ''ill it occupy, dry, a. standard conditions? ' 

19. Delme mural temperature, absolute zero, associated molecules, fractional 

distillation, surface tension, viscosity, freezing point, heat of fusion. Next 
chapter. 

20. On coordinate paper plot the Centigrade scale from -40“ C. to 100“ C 

on one axis aud the Fahrenheit scale from -40“ F. (curiously enough, 

Klenueal with -40“ C.) to 212“ F. „„ the other axis. Complete the square 

and draw a heavy hue from the origin ( -40“ C.) diagonally to the opposite 

corner. By reading „ this “curve” convert anv temperature 

on one scale into its equivalent on the other. 

21. How many grams of water could be heated from 0° C. to 80° C. by the heat 
required to melt 1 2 kilograms of ice at 0° C.? Next chapter. 
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22 . Avogadro’s No., 6.03 X 10 33 , is the number of molecules in a mole (G. M. 
Wt.). Calculate the number of molecules of a gas under standard conditions 
of temperature and pressure in 1 80 ml. One mole of any gas under standard 
conditions occupies 22.4 liters. 

23 . Convert 850 ml. of a dry gas at 28° C. and 720 mm. to its volume at - 10°C. 
and 700 mm. 

24 . If the average distance between molecules of a gas (standard conditions) is 
ten times the diameter of a molecule what fraction of the total volume is due 
to actual molecules? 

25 . The volume of a given sample of gas at 750 mm. and 22° C. is 690 ml. 
The pressure is reduced to 600 mm. At what temperature would the gas 
occupy its original volume under this new pressure? 

26 . The density of a gas relative to air is 5.2. What is the volume occupied by 
10 g. at 20° and 752 mm.? 

27 . Carbon dioxide (22 times relative density of hydrogen) diffuses 0.212 times 
as fast. Is this in accord with Graham’s Law? 
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Chapter 8 liquids and solids 


The Three States of Matter. Solids retain their shape, liquids 
take the shape of the containing vessel, but gases expand indef- 
initely. There is great freedom of molecular movement in gases 
and comparatively little in solids and liquids. Whether a sub- 
stance is in the solid, liquid, or gaseous state at a given tempera- 
ture and pressure depends on the relative influence of the forces 
ot c ohesion and the kinetic energy of the molecules. 

L ransformations. Kinetic energy must be added to the mole- 
cules in order to bring about the change: 


I he !i >i I r> ( )J ( , ,}| ( . 


« « loin ot m<> 


ol >1.110. 


Solid — » liquid — > gas 

“ m nlust overcome in order to allow the 
i« culm- motion called for by the change 


I. lot IDs 

In liquids t here i> no orderly arrangement of molecules (with 
Me exception ot the rather unusual liquid-crystals). Vet in such 
iquids as water, alcohol, and acetic acid some of the molecules 
are “associated" m groups, the proportion of such associated 
molecules varying wuh the temperature. Steam, for example, is 
made up oi single molecules, while liquid water contains (H.O) 3 
as well as (H,0) 2 and simple 1 1,0. The freedom of movement of 
molecules in liquids is such that at the surface molecules with 
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sufficient kinetic energy fly off into the space above, or, in other 
words, evaporate. Some of these fugitive molecules, now in the 
vapor state, return to the liquid (because of the irregular molecu- 
lar paths) and are held, at least temporarily, by the forces of 
cohesion. The rate of evaporation increases with rise in tempera- 
ture, and the vapor tension of the liquid shows a steady increase 
until the upward thrust of escaping molecules just equals the 
downward thrust of all gaseous molecules immediately above the 
liquid surface. At this temperature the liquid bails with violent 

breaking of the surface. 

Only molecules with greater than the average kinetic energy 
break through the surface film of liquid molecules. 

Boiling Point. The boiling point of a liquid is the temperature 
at which its vapor tension equals the pressure of the atmosphere 
above it. Obviously the boiling point varies with the pressure of 

the atmosphere. Water boils at 
100° C. under an atmospheric 
pressure of 760 mm., but at one- 
half an atmosphere it boils at 
82° C. and at 4.6 mm. pressure 
it boils at 0° C. At two atmos- 
pheres the boiling point is 121 C. 

Boiling points recorded in the 
text all refer to the standard at- 
mospheric pressure, 760 mm. The 
ebullition observed in any boil- 
ing liquid is due to the expansion 
of bubbles of vapor forming with- 
in the liquid. Water has a rela- 
tively high heat of vaporization, 
requiring 539 cal. to change one 
gram of water at 100° C. into 
steam at 100° C. The heat of 
vaporization of ether is only 84 

cal. per g. Obviously when one gram of steam at 100 C c - 
denscs to liquid water at 100° C., the same amount of heat, 
calorics, is given off as heat of condensation. 


Carbon 

Water Disulphide Water 
17.3 mm. 298 mm. 760 mm - 




20° C 


20° C 


100° C 


Fig. 31. Vapor pressures at different 
temperatures. 
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The vapor pressure of a liquid becomes “vapor tension” when 
vapor and liquid are in equilibrium. 

The boiling point of any pure liquid at 760 mm. pressure re- 
mains constant (100° C. for water, 78.3° C. for alcohol, etc.) 

until all the liquid has changed into 
vapor. Not so with mixtures of two or 
more liquids. For example, alcohol- 
water may start boiling somewhat 
above 78.3° C., but the temperature 
steadily rises, with escape of vapor of 
. varying composition. After 

T | repeated distillation, as in the column 

I still, the distillate attains a concentra- 

tion of 95 per cent alcohol, the com- 
mon commercial product. 


. a pure solid melts sharply at a 
definite temperature, characteristic of that 
substance, unless decomposed by the heating. 
Mixtures of two or more solids melt through 
a ranee of temperatures. 

Water in the teakettle absorbs heat from 
the Maine while boiling. Liquefied sulfur di- 
oxide in a beaker resting on the table, not on 
the stove, will boil, absorbing heat from its 
surroundings, as it does in the coils of your 
refrigerator. 1 lie boiling point of liquefied 
sulfur dioxide is - 10° C. and that of lique- 
fied ammonia is —33.3° C. 



Ether 

I ig. 32. When the empty bulb 
on the light is surrounded with 
a heakei of “dry ice*’ the ether 
m the bulb on the left boils, 
soon condensing to liquid on 
tlu* right. Later the* process may 
be reversed l>\ chilling the bulb 
on the left after removing the 
drv ire from the right. Most of 
ihe .lit has been pumped (Hit by 
bn l;!.isn blown befuir sealing 
dir • , ( Unix tew 

I >r. I red 1 ) jtn»n. 


Distillation. The process ol evaporating and recondensing a 
liquid < b\ cooling i is termed distillation. To expedite matters the 
liquid is usually bulled, sometimes under less than atmospheric 
pi < s. in. . I in' vacuum distillation is desirable with liquids or solu- 
tions likely to decompose at the normal boiling temperature. Of 
course with diminished prelim- of vapors above a liquid, less 
kinetic energy and a lower temperature are required for boiling. 
In Fig. 33 is shown ordinary laboratory distillation. 

Surface Tension. The surface 1,1m of a liquid is in an apparent 
state ol tension due to the unbalanced attractions between mole- 
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cules at the surface as compared with those in the body of the 
liquid which are entirely surrounded by other molecules. Liquids 
with high inter-molecular attraction (difficult to boil) tend 
strongly to take the spherical form, with least surface, and conse- 
quently have high surface tension: mercury is a notable example. 
Water and ether are examples 
of liquids with much lower 
surface tension. Soap lowers 
the surface tension of water 
so that it can creep in between 
particles of dirt, thus dislodging 
them. 

Viscosity. The term viscosity 
is used to denote the resistance 
due to internal friction which 
substances offer to deforming 
forces. (A viscous substance is 
deformed permanently to a degree directly proportional to the 

deforming force.) Molasses and glycerine are typically viscous 
liquids, although their viscosity decreases with rise in tempera- 
ture — they become more “fluid.” 

SOLIDS 

Freezing Point of Liquids. When liquids are cooled suffi- 
ciently they lose their fluidity and take on rigidity. I hey freeze to 
solids without further lowering of temperature until all the liquid 
has solidified. When the change of state occurs at a definite 

temperature the solid formed is always crystalline. 

Glasses and tars, however, do not change state suddenly at a 
sharply definite temperature. In fact they act like undercooled 
liquids. Glycerine, suddenly chilled in liquid air, sol.dti.es before 
it has time to crystallize, becomes glass-like. Even water may be 
chilled below 0° C. without separation of ice crystals However, 
the addition of a minute fragment of ice starts crystall.zat.on or 
freezing. Consequently we are forced to define the freezing point 
(seme as melting point) as the temperature at wh.ch liquid end solid 
will remain in contact with each other without change of temperature. 
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At this temperature the vapor tension of solid and liquid must 

be equal or one form would be converted into the other by evap- 
oration and condensation. 

Solids, maintaining shape and volume, are crystalline accord- 

mg to the strictest interpretation. Glass and pitch are “apparently 

solid,” yet under sufficient stress they show flow if stress is 
applied slowly. 

There is little attraction between the molecules of such sub- 
stands as CH t , C 2 H S , etc., hence they exhibit no association in 

the liquid state and have low boiling points; and low freezing 
points. & 

Melting Point and Heat of Fusion. To increase the freedom 
of movement of the molecules of a solid so that a fluid results 
requires energy. This is supplied by heating the solid. Heat 
breaks up the crystalline arrangement of a solid. There is a rise 
rn temperature until some liquid is formed and then no further 
use until all the solid is melted. Any additional kinetic energy 
g.ven the liquid first formed is used in tearing off molecules of the 
sohd. o convert one gram of ice a. 0° C. into liquid water, 

• ca of hea, are required. This is termed the heat affusion of 

V corresponding value for sulfur is 9.37 cal. and for 

Amorphous solids, unlike crystalline solids, have no definite 
nu ‘ ,lmii and no definite heat of fusion. 

i , ' ! V'7 r ( "T C - ai ' < ' om,n - &> standard. 

VI I' ll.- arki ,"l -T- C ; n0 . r ■ • lCCUratc ^ “ the melting point 

det-nr. ” US ,S accuralc to one thousandth of one 

evaporate from manv solids \V< t r i ot u__ , 

helnw' n° C' \ ‘ , clothes di y at temperatures 

belou 0 C., and a crystal ol iodine left it, the open evaporates 

• S10U . S a .. V<ry not,ccabIc va l )or pressure. Camphor, like 
iodine, volatilizes rapidly just below its melting point. Solids that 
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pass directly into the vapor state without melting are said to 

sublime. . r , 

Crystal Systems. When a liquid solidifies, it usually is found 

to be made up of particles of regular geometric form called 

crystals. Crystals are formed also by evaporation of solutions or 

cooling of some vapors. Crystals often mass together so as to 

make their individual forms indistinct, that is, we have a crysta - 

line mass. Perfect crystals have plane surfaces meeting at definite 

angles and their edges are straight lines. These plane surfaces are 

arranged with reference to imaginary lines, called axes of sym 

metry" drawn through the crystal. By the relative lengths and 

angles of intersection of these axes we can define the »x crystal 

I>J “An axis of symmetry is a line about which the crystal may be 
rotated so that it presents exactly the same appearance more than 
once in a complete revolution.” Three (sometimes four) axes of 
symmetry (lines meeting at a point) determine crystalline form 

in the six systems. , .. _ r 

1. Isometric or cubic system: three axes of equal length a 

right angles to each other. Examples: alum, sodium chloi.de, 
potassium iodide, iron pyrites, and lead. 



Fig. 34. Cubic. 




Fig. 36. Rhombic. 




and urea. 

3. Rhombic system: three 
(Fig. 36). Examples: sulfur, 
sium sulfate, and potassium 


unequal axes, all at right angles 
zinc sulfate heptahydrate, magne- 

nitratc. 
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4. Monoclinic system: two axes at right angles and a third at 
right angles to one but inclined with reference to the other. The 
axes may vary in relative lengths. Examples: gypsum, sodium 
carbonate, oxalic acid, potassium chlorate, and ferrous sulfate. 




Fig. 39. Hexagonal. 

5. Triclinic system : three axes all inclined toward each other 

and of any relative lengths or inclinations. Examples: calcium 
thiosulfate and blue vitriol. 

6. Hexagonal system : three equal axes in the same plane 

intersecting at angles of 60°, and a fourth axis at right angles to 

all ol these. Examples: quartz, sodium nitrate, beryl, and 
graphite. 

Crystals split alone; definite cleavage planes. The expert who split a great 

rou-h diamond (to eliminate flaws) worth a few hundred thousand dollars 

. “‘‘I “ S d '‘ aVay< ‘ I,lanrs ancl °P l ‘cal axes for two months. He knew that if he 

aiIMrd a,v! s,r "‘ k ,hr r,,uinj ? tool incorrectly the diamond would fall into 

1,1 ,,U lra " ,n ' :,,k ,,! '*‘ r l™ value. This man’s judgment turned out to be 

correct hut he fainted after he struck the critical blow. 

1 )iamonds arc crystalline, but (after any necessary splitting) 

t u. fact ts an mound to suit the lapidary and not in agreement 

with the natural form of that crystal. Sulfur has two crystal 

onus, and an energy change is involved in a change from one to 

the other. When a substance crystallizes in two systems it is 

dimorphous while two or more substances crystallizing in the same 
form are isomorphous. 

Crystal form may, in some instances, be influenced by the 
soh c nt ft oin \\ hie h 1 1 \ stallization takes place and by the presence 
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of other substances. Urea in salt water forces sodium chloride to 

crystallize in octahcdra instead of the usual cubes. 

In the quick-freezing of foods unusually small ice crystals are 

formed with less destruction of cells. 


Exercise 

1. Concentrate some salt water and let it stand undisturbed in an open dish. 
To what system do these crystals belong? 


Crystal Structure. Diffraction gratings are made by ruling 
fine parallel lines on metal, glass, celluloid, plastics. When these 
lines are separated by distances approximating the wave length 



O Sodium Atom • Chlorine Atom 

Fig. 40. Cubic arrangement of 
atoms in a crystal of sodium 


chloride. 



Fig. 41. Molecular space- 
lattice in a crystalline solid. 
Here the molecule (not 
atoms) is the unit in the 
geometric pattern. Such a 
condition exists in dry ice, 
solid CO.. 


of light, a spectrum is produced by incident light snn.lar to that 
formed by a common glass prism. Some gratings are ma.ktd 
with twenty-five thousand lines to the inch (one thousand to the 

millimeter). . .. 

It occurred to Lauc in 1912 that if these parallel lines were 

closer together, separated by distances of the order of X-ray 

wave lengths, it should he possible to secure X-ray spectra 

similar to those obtained with visible light. 1 lie waves in c 

ether known as X-rays are about one ten-thousandth the length 


i: 
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of light waves. To make a grating for use with X-rays there 
should be ruled nearly one hundred million lines to the inch — 
an impossibility. Laue found such gratings already prepared in 
crystal surfaces. Here, as Bragg pointed out in 1914, the atoms 
are arranged in a geometric pattern or lattice , giving the necessary 
parallel lines of atoms close enough together for Laue’s needs. 
Later this effect of crystals on X-rays was used to determine the 
distance between atoms, or groups of atoms, in the crystal. 

The lattice units are not single atoms in all cases. The familiar 
groups or radicals are found in some crystalline salts and may 

carry positive or negative charges. 
Such charged atoms or groups are 
termed “ions.” In calcite crystals, 
CaC0 3 , it was shown by X-ray 
examination that each carbon 
atom is closely surrounded by 
three oxygen atoms. The lattice 
unit of many carbon compounds 
(organic compounds) is the mole- 
cule. as in frozen benzene where 
the lattice unit is C 6 H 6 . 

Since the attraction between 

atoms in a crystal lattice varies 

• 

inversely as the square of the dis- 
tance, it is obvious that crystals 
< leave or split most readily along 
planes where these distances be- 
tween atoms are greater than in 
adjoining parts of the solid. This 
‘ s n,,l - | hl\ ime uni) mica. X-ray photographs show that in 
solid ( ai I iom dioxide each carbon atom is much closer to a pair 
o! owe a atoms than to the other carbon atoms. In this sense the 
mol< ( ule. ( .( is a unit in the space lattice. Also, it evaporates 
readils from the surface of the crystals. 

If a negative ion is about the same size as the surrounding 
positive ions more positive ions may form a group around it than 
if the negative ion is relatively much smaller. 


0-rSi-K)-XSi^0 

■I* ” 

:0: 

•| * 

0-*-Si-*-0-r-Si-K) 

" *1* T •* 

:p: :0‘ 

0 H-Si-4-O-KSi-J-O -s-Si-^S' 

•• T •' -p *• .|. *• 

O: :Q: :0: 

I i*. 42. Crystal pattern of silicon 
dioxide (SiO.L Kadi silicon atom 
lSMimmndrtl l>v four oxvgrn atoms 
ami each oxygen atom joins two 
>ilu on atoms. Pairs of electrons are 
s!i.iir<! between atoms s< » that each 
aTom has X electrons around it. 

iant mole- 
loes not 
Si. lilev 
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When a beam of X-rays is reflected from a crystal face it is 
found that the angle at which reflection becomes evident bears 
a simple relation to the wave length of the X-rays used and to 
the distance between adjacent layers ol atoms in the crystal. The 
intensity of reflection from a single layer of atoms is extremely 
small and the reflected ray becomes appreciable only when 
reflections from many parallel planes of atoms are in phase and 
therefore reenforce each other. 



Fig. 43. Reflection of X-rays from a crystal space lattice. (Bragg). 

Accordingly, the distance between adjacent planes of atoms is 
equal to the wave length (X) of the X-rays divided by twice the 
sine of the angle of incidence (a). The wave lengths of X-rays 
from various sources arc now quite accurately known. Therefore 
it is only necessary to measure the angle ol incidence at which 
reflection occurs in order to be able to calculate the distance 

between adjacent planes of atoms in any crystal. 

Figure 44 is a photograph of the diffraction of a fine beam of 
X-rays in passing through a thin crystal of silicon carbide to a 
photographic plate. Bragg explains that each spot is due to the 
regular reflection of the beam of X-rays from planes in the crystal 
that are especially rich in atoms. 

Electron rays are now being used in crystal studies, to go farther in their 
revelations than is possible with X-rays. The wave lengths of the electron rays 
experimentally possible are only a few hundredths of one Angstrom unit while 
the X-rays used in studies of crystal structure have a wave length of about 

one Angstrom unit. 
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*ig. 44. X-ray photograph (Lauc pat- 
t--m> of a crystal of silicon carbide. 
(Court. sy Industrial and Engineering 
< 'hrmisti v ). 
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Synthetic Optical Crystals. Large perfect crystals of sodium 
chloride, lithium fluoride, and a few other compounds are 
needed in the making of prisms and lenses for infrared spectro- 
scopes. Such crystals are formed 
Y • ~ 1 in a platinum crucible with 

* ' “ a 90° conical bottom. The so- 

r - X * lidification of the melted mass 

in the crucible begins at the tip 
as the crucible is slowly moved 
(during ten days) out of the 
furnace. The whole mass of 
several pounds is one crystal 
with perfect optical axes. 

Electrical Effects. Certain 
crystals have unusual charac- 
teristics, in that when they are 
subjected to pressure in certain 
directions relative to their axes 
electrical charges appear on 
ihrir surfaces. Conversely, these same crystals arc slightly dis- 
torted mechanically when electrical potentials are applied to the 
nwal faces. Such crystals are used in compact microphones in 
which sound pressure is converted to electrical impulses that may 
be amplified to any desired intensity. By a reversal of this process 
t!ie<r crystals are used to convert electrical impluses into me- 
< buna al impulses with the advantage that a range of frequencies 

‘ •m oe used. Perfect quartz crystals arc in demand for this 
use. 

Centered Cubes. The commonest lattice system is the face- 
ceniercd i lug. 45 j with atoms at the corners of a system of equal 
closely packed rubes and also at the centers of each cube face. 

\\ yckoll 1 states dial X-ray analysis has so far shown that: 

1. 1 here is no metal crystallizing in the face-centered system 

which is not ductile throughout a considerable range of tempera- 
ture. 

2. All noble metals are in the face-centered system. 

1 Structure of Crystals , Rcinhold Publishing Corp. 
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3. All the best conductors of heat and electricity are in the 
face-centered system. 

The smallest typical specimen of a crystal is the unit called a 
cell, such as is shown in Fig. 40. Each atom in the simple cubic 
crystal is surrounded by 6 of opposite kind; in the face-centered 
cube by 12; and in the body-centered by 8. 



Fig. 45. Arrangements of atoms in crystals. 


The ordinary crystal apparent to the eye is built up of smaller 
units or “cells” each having a shape typical ol the crystal as a 
whole. 

Structure of Glasses. X-ray study finds the same type of dil- 
fraction pattern for glasses as for liquids; in other words glasses 
and liquids are alike in their random, haphazard arrangement ol 



o o O 

Be 4- * - Mg 44 Ca 4+ 





Fig. 46. Relative si/.es of charged atoms (ions; in close-packed crystalline solids. 
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molecules or other units. Crystals possess rigidity and a definite 
orderly structure, while glasses possess rigidity but a random 
arrangement of structural units. 

Exercises 

2. How much heat is required to convert 350 g. of solid aluminum at its melting 
point into liquid aluminum at the same temperature? 

3. When 680 g. of steam at 100° C. condense, cool to 0° C., and freeze to ice, 

what is the total amount of heat liberated? 

4. How many grams of water could be heated from 0° to 80° by the heat re- 

quired to melt 12 kg. of ice at 0°? 
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Chapter 9 hydrogen 


History. The discovery of hydrogen is usually credited to 
Turquet de Maycrne (1650), who treated iron with dilute sul- 
furic acid and recognized the “inflammable air” formed as a 
distinct substance. Paracelsus had really done the same thing a 
century earlier but failed to recognize the “air” as a distinct 
substance. Cavendish in 1766 discovered many of its properties. 
Lavoisier named it “hydrogen,” meaning “water former,” 
although it was Cavendish who burned hydrogen in oxygen and 
proved that water is composed of hydrogen and oxygen. 

Occurrence. Hydrogen docs not occur Irec in nature except 
in traces, but in the combined form it is found in water, plant and 
animal tissues, petroleum, asphalt, and natural gas. Among 
laboratory reagents we learn that it is an essential element of all 
acids and bases. 

Gigantic flames of incandescent hydrogen and calcium 
1,000,000 miles high have been known to burst from the sun’s 
chromosphere. 

Preparation: Laboratory Methods. 

1. Metals and Acids. Since hydrogen is a constituent of such 
common materials as water, acids, and bases, these must be con- 
venient sources for its preparation. In the laboratory it is ex- 
tremely convenient to displace hydrogen from dilute acids by the 

89 
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more active metals. The hydrogen is collected by displacement 
of water. 


Zn + 2 HC1 
Zn + HoSCb 
2 A1 + 3 H 2 S0 4 
2 A1 + 6 HC1 


H 2 + ZnCl 2 , zinc chloride 
Ho + ZnSO,, zinc sulfate 
3 Ho -f- A1 o(S0 4 ) 3 , aluminum sulfate 
3 Ho -f 2 A1C1 3 , aluminum chloride 


When a metal displaces hydrogen from an acid, a salt always is 
formed. With hydrochloric acid this salt is called a “chloride,” 
hence ZnCl-> is zinc chloride and XaCl is sodium chloride (com- 
mon salt). With sulfuric acid the salts are called “sulfates,” with 
nitiic acid the salts arc called “nitrates,” and with phosphoric 
acid the salts are called “phosphates.” The less active metals, 
such as copper, mercury, platinum, gold, and silver, do not 
displace hydrogen from acids. Some acids react more readily 
than others for reasons to be developed later. Pulverized metals 
natuially react more rapidly than do masses of metal because the 
greater surlace allows better contact. 

Non,: A preliminary definition of acids, bases, and salts is now in order. An 
acid in water solution tastes sour, turns litmus paper red, and yields hydrogen when 
treated with the more active metals. A base in water solution feels soapy, turns 
litmus blue, and neutralizes the sour taste and other characteristic properties of an 
acid. Acids all contain hydrogen replaceable by a metal and bases all contain 

( >1 1 groups attached to a metal. A salt is one of the products formed when a metal 
displaces bvdrogen from an acid (the other being hydrogen) or when an acid and a 
ba.sr react the- other heini? water J. 

2. Metals and Bases. Several active metals displace hydrogen 

from bases. In some cast's a warm 10 per cent solution of the base 

ls used: in others the powdered dry metal and base arc heated 
together: 

Zn 4- 2 XaOI I -> Xa,ZnO, + 11, 

Tl,r solul,,r P n,t, i | ci is called sodium zincate and the similar 

pi ' M ll,< ‘ " l 1 ‘ a< 1 'on between aluminum and sodium hydroxide is 
called sodium aluminate. 

Uv {,rr “ wc iiH-i.il a solution containing 10 grams of the 

l ISS, ' Kr ' 1 ■ s ‘ ,bsl:,mv ‘" ,<l " 0 R ra, » s (" r *»!•) of water. Of course other weights in 
Uh* N.imr proportions mav be used. 
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3. Metals and Water. The most active metals, such as potas- 
sium and sodium, violently displace hydrogen from cold water. 
In fact a bit of such a metal the size of a pea is adequate for the 
experiment. It is well to take due precautions, for the hydrogen 
is often ignited from the heat of reaction and the remaining metal 
melted. The globules may spatter in the careless observer’s face. 

2K + 2 H 2 0 -> 2 KOH + H 2 
2 Na + 2 H 2 0 -> 2 NaOH + H 2 
Ca + 2 HoO -► Ca(OH) 2 + H 2 

Calcium acts at moderate speed. In all cases the products are 
hydroxides of the metals used, sodium hydroxide, NaOH, lor 
example. It is to be noted that only hall the hydrogen in each 
molecule of water is displaced, unless the temperature is raised 
considerably, no matter how much metal is used. 

Less active metals react with water only when heated. Mag- 
nesium displaces hydrogen from boiling water il a little of an 
ammonium salt is present to keep the surface of the metal clean. 
Steam passed over red-hot iron reacts as lollows: 

3 Fe + 4 H 2 Q -> Fe,0 4 + 4H 2 


Preparation: Industrial Methods. 

4. Electrolysis. When a current of electricity is passed 
through water made conducting by the presence of some sub- 
stance such as sulfuric acid or sodium hydroxide, we are able to 
collect two volumes of hydrogen at the cathode (where the 
current leaves) to one of oxygen at the anode (where the current 
enters) (Fig. 47). Since this is the exact proportion in which 
these gases unite to form water on burning, the experiment adds 
convincing proof to our ideas on the composition ol water. 

5. The Steam-Water Gas Method. “Water gas” is the princi- 
pal source of hydrogen in the United States. Water gas itself is 
prepared by the process of passing steam over coke at about 

1000° C.: 

C + H .O -> CO 4- H 2 
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Of course, the coke is soon cooled by the steam below the re- 
action temperature. Steam is then shut off and a blast of air 
turned on. Part of the coke burns, heating the remainder up to 
1000° C., and preparing it for another blast of steam. 

Water gas (H 2 -T CO) and steam are then passed over a cata- 
lytic mixture of the oxides of iron, and 
chromium, at 450° C. : 


6 


4 


A- 


H 2 + CO 4- H 2 0 -> 2 Ho 4- C0 2 

The steam oxidizes the carbon monoxide. 
The mixed gases are bubbled under pressure 
through water, which takes out the carbon 
dioxide. Other carbon dioxide absorbing 
methods are in use. This is a continuous proc- 
ess and very economical. 

6. The Steam-Hydrocarbon Process. The 
very recent rise of this process to second place 
in hydrogen manufacture was surprising. 
Methane, CH.,, in natural gas can be used, 
also propane, C 3 H 8 from oil refineries. 

C 3 H 8 + 6 HoO -* 3 C0 2 4- 10 H 2 

... ... . . The reaction proceeds at 835° C. over a 

rig. 4 7. Electrolysis 1 

of water. nickel catalyst. Carbon dioxide is readily 

separated from the hydrogen. 

7. The Hydrocarbon Cracking Process. Modern development 
ol the hydrocarbon process for making hydrogen is worthy of 
non-. Any compound of hydrogen and carbon may be broken 
down or "( racked'' into its elements if sufficiently heated 
w idiom access of air. 

1 100 ° c. 

CM , > C + 2 H 2 

8. The Coal Gas Source. 1 he coke-oven gas made from one 
ton (it bituminous coal contains about twenty -seven pounds of 
tree hydrogen. Low-temperature-compression liquefaction sepa- 
tates the other gases from hydrogen. '1 his is a commercial source 
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wherever the price of coal gas is very low, as it has been in 
Europe. 

Physical Properties. Hydrogen when pure is a colorless, 
odorless, tasteless gas. A liter weighs 0.08987 g. at standard 
conditions, so it is the lighest substance known. Liquid hydrogen 
looks like water, but a cork sinks in it as quickly as does a stone 
in water. The gas may be poured upward from cylinder to 
cylinder. At ordinary temperatures and 760 mm. pressure 2 ml. 
will dissolve in 100 ml. of water. It cannot be liquefied above 
— 240° C., its critical temperature, where 20 atmospheres pres- 
sure are required. It has been frozen at —257 C. into a trans- 
parent, ice-like solid. Powdered palladium under favorable 
conditions can absorb 900 times its own volume of hydrogen, and 


such absorbed hydrogen is very reactive chemically. This piop- 
erty of dissolving in metals probably explains in part why 
hydrogen passes through thin sheets of hot gold, platinum, and 
other metals. Of course, as indicated by Graham’s Law, it has 


the greatest speed of diffusion of all gases, and this is another 
factor. The loss by diffusion through balloon fabric is a serious 
problem. 

Deuterium (Heavy Hydrogen). Several years ago it was ob- 
served that the most accurate determinations of the atomic 
weight of hydrogen (relative to oxygen as the usual standard) by 
the best chemical methods and by the most delicate physical 
method (“positive ray analysis,” Chap. 13) failed to agree by a 
discrepancy of about one part in 6000. A clever observer sug- 
gested that if hydrogen contained an isotope of double the atomic 
weight of common hydrogen the physical method would come 
into perfect agreement with the chemical method. Isotopic forms 
of an element arc alike chemically but different in the nucleus, 
therefore in atomic weight. 

The known existence of isotopes of oxygen encouraged Urey at 
Columbia University to assume that if heavy hydrogen existed it 
might be concentrated to the point of detection, at least, by 
allowing a considerable quantity of liquid hydrogt n to evaporate. 
Obviously the heavier molecules would evaporate more slowly 
than the lighter ones and so the last few drops of liquid should be 
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+ /n. 


much richer in double-weight hydrogen. Brickwede contributed 
1 ml. of residual hydrogen remaining after evaporation of about 
4 liters and this was examined by Urey and by Murphy for the 

expected displacement of its spectral 

% lines. They won, on Thanksgiving Day, 

( \ / \ 1931. Double-weight hydrogen (deu- 

terium) was detected, but not isolated 
until later. The first to prepare pure 

“heavy water" or deuterium oxide was 

# 

G. N. Lewis. One molecule out of every 
6000 or more of common water is heavy 
water. 

After some disagreement the symbol 
for deuterium, heavy isotopic form of 
hydrogen, was set down as “D" and 
thus the formula for heavy water as 
1 )•»(). Of course heavy ammonia, ND 3 , is possible. 

The discovery of “tritium" of atomic mass 3 has been an- 
non need. It must have one proton and two neutrons in the 
nucleus with one planetary electron. Like radium it is unstable, 
more so. in fact. Tritium is a product of the atomic pile (Chap. 
27). 

Chemical Properties. I Ivdrogen is rather inactive at ordinary 
temperatures, but at higher temperatures unites with most of the 
non-metals and mam* of the metals: 


Fig. 48. Atoms of hydrogen 
(left) and deuterium. The 
nucleus of deuterium contains 
one free proton, and a neutron 
of the same mass as a proton 
but with no charge. There is 
only one planetary electron 
in either atom. The atomic 
nuinberof both isotopes is one. 


S ! I L — > I I jS, hydrogen sulfide 
( \ < » IL — > 2 HG1, hydrogen chloride 
( )■: T 2 1 1 v — > 2 1 1 ■_>(), water 
•V. 4- 3 1 L — > 2 XHu ammonia 


1 lydridcs. such as Call., are formed by passing hydrogen over 
the most active metals at elevated temperatures. 

I he hydrogen flame is intensely hot. because 34,195 calories 
are released when one gram of hydrogen burns. A special burner, 
called the oxyhydrogen blowpipe (Fig. 49), was devised by the 
pioneer American chemist, Robert Hare. This device insures 
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proper mixing of a stream of oxygen and a stream of hydrogen. 
In this flame platinum melts and silver boils. The temperature 
ranges from 1800° C. to 2500° C. as conditions vary. 



Fig. 49. Oxyhydrogcn torch. 


Silent erection of office buildings is possible, thanks to oxy- 

hydrogen and oxy acetylene welding. 

The atomic hydrogen flame, useful in welding thin sheets of 
stainless steel without oxidation, is so hot that it melts tungsten, 
3370° C. A stream of molecular hydrogen passing through an 
electric arc absorbs energy and the energy splits the molecules 
into atoms. As the resulting single atoms oi hydrogen unite again 
(out of the arc) great heat is given off: 

2 H «=* H 2 + 90,000 cal. 


Hydrogen, when hot, removes oxygen and even some other 
elements from many compounds. Such a process is called 
reduction, the exact opposite of oxidation. However, a broader 
conception of reduction will soon be presented. Figure 5 (page 
19) represents the reduction of heated copper oxide by dried 
hydrogen. The water formed is taken up by the anhydrous cal- 
cium chloride in the U tube which may be weighed. 


CuO + H 2 — * Cu + H 2 0 

Reversible Reactions. A stream of hydrogen passed over the 
hot oxide of iron reduces it to the metal by stealing the oxygen. 
Apparently iron does not have the ability to hold its own: 

(1) Fe 3 C >4 + 4ffi->3 Fe + 4 H 2 0 

If through the same tube we pass a current of steam (Fig. 50), 
the following reaction occurs: 

(2) 3 Fc + 4 H 2 0 — > Fe 3 Oi + 4 H 2 
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The steam oxidizes the iron back to the oxide. Now if we seal 
iron and water in a strong closed tube and heat it for a time, we 
find on opening the tube all four substances — iron, hydrogen, 
steam, and iron oxide. Evidently when the products of reaction 
could not escape, both reactions took place. We express the facts 
thus: 

(3) Fe 3 0 4 + 4 H 2 ?=± 3 Fe + 4 H 2 0 

and call it a reversible reaction. In equation (1) the steady flow of 
hydrogen swept the steam out of the tube before it had a fair 
chance to react with the iron. In equation (2) the steady flow of 



Closed Tube 

Fig. 50. Reactions in open and closed tubes. 


steam swept the hydrogen out of the tube before it had a fair 
chance to react with the oxide. But in a closed tube every possible 
reaction has a chance because nothing escapes; the four sub- 
stances remain in good contact. 

Many reversible reactions can be made to proceed to comple- 
tion by any device for removing one of the products or turning it 
into something inactive. The escape of a gas or the formation of 
an insoluble precipitate prevents reversal. There is compara- 
tively little contact of a solution with precipitates. 
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In any reversible reaction like that represented by equation (3) 
the two opposing reactions adjust their speeds until equal; and 
a condition of equilibrium is reached when there is no further 
change in the relative quantities of the reacting substances, 
course any change in the conditions such as temperature, pres- 
sure, concentration, etc., will disturb this equilibrium to the right 
or left by favoring one reaction more than the other. A new 

equilibrium is soon reached. 

To make the idea of equilibrium clear by the use of a rather informal illus- 
tradon kt insider the financial status of the average college student. He 

begins the year with a reasonable cash 
reserve for emergencies, a regular al- 
lowance from home, and the expecta- 
tion of certain steady expenditures, 
some necessary and others in the lux- 
ury class. If we consider Income and 
Expenditure (Outgo) as analogous to 
two opposing chemical reactions and 

the Cash Reserve as an amount that 

may grow, decrease, or remain fixed (constant) as the rela.tve veloc.ttc .of In- 
entne and Outgo Jary, we have a useful parallel. A healthy condemn of 

financial equilibrium seems desirable. 



Fig. 51. Financial equilibrium. 


Exercises 

.. Why doc, the reaction between iron and hydrochloric acid pnKerf ™ 
plcfion although under proper conditions hydrogen reach. w,.h the ferrous 

chloride formed ? . . , , 

Fc + 2 HCI — FcClj + H, 

2. Remembering that liquid water turns into gaseous water .l^ evapor^ 
give the equilibrium discussion as applied to a stoppered bottle par,l> filled 

with water. 

When the stopper is removed, what happens / 

Uses of Hydrogen. Hydrogen manufacture is a great industry 

Hydrogen is used on the largest scale in the 

monia by direct union of nitrogen and hydrogen (Haber p -ess). 

Since ammonia is a starting point in the manufacture 

and of explosives, there is a great and growing demand for hyd 
gen. This is by far the greatest tonnage use of hydrogen. 
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The catalytic and high-pressure hydrogenation of petroleum to 
yield more gasoline is becoming a great industry. Abroad, 
enormous quantities of gasoline have been produced by a similar 
hydrogenation of lignite coal. Hydrogenation is the addition of 
hydrogen to certain types of molecules. 

For many years hydrogen has been used in the oxy hydrogen 
blowtorch to weld metals or cut up large masses of scrap iron. It 
also has a large and growing use in hardening fats. Cottonseed 
oil, for example, is a liquid fat, but if hydrogen at two hundred 
pounds pressure is passed through it in the presence of finely 
divided nickel (at 175° G.), the hydrogen unites directly with the 
fat, forming a new substance, also a fat, but a solid. “Crisco,” 
“Snow drift,” and similar substitutes for lard are examples. 
Liquid fats arc also hardened for use in soap making. In the 
United States alone nearly 1,000,000 tons of fats are hydrogen- 
ated annually. 

One liter of hydrogen weighs 0.09 g., but one liter of air weighs 
1.29 g. Hence the lifting power of a liter of hydrogen is the 
difference, or 1.2 g. under ordinary conditions. 


'I'lit* Montgolfier balloon was lifted by heated air (1783) while the rival 
balloon of Charles and Robert rose a few montlis later by the lifting power of 
hvdrogen. 1'he king of France forbade his scientists to risk their lives and decreed 
that useless criminals be put in the basket. Charles’ eloquence overcame royal 
objections and the occasion became a fete with three-fourths of Paris out to 
see and cheer. 

Some blimps Mill use hydrogen although helium is safer, and not flammable. 

1 he ai tivity series of metals represents a number of facts: the relative activity 
ol some metals towards water; of several towards ordinary acids; and of all 
towani> o\ygen. I he more active metals are placed above the less active ones. 


Silver unites directly with oxygen with great difficulty; plati- 
num and gold, not at all. 

Protective films at times may confuse the student concerning 
the accuracy of the order of metals in the activity series. For 
example, aluminum and magnesium are high in activity rank yet 
i hex do not react with boiling water. This is fortunate in the 
kitchen. Why? Thin adherent films of oxide form and stop 
lurther attack. However, a base dissolves aluminum oxide and so 
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ACTIVITY SERIES OF METALS 


K ) Violent reaction 
Na J with H 2 0 
r 1 Slow reaction 

J with H»0 
Mg j Reacts with steam 
A1 
Mn 
Zn 
Cr 


Displace H 2 
from acids 


Combine directly 
with oxygen 


Fe 

Ni 

Sn 

Pb 



Oxides (heated) of 
these metals easily 
reduced by H 2 to 
free metals (and 
H.O) 


Ag 1 Oxides lose oxygen 
Pt ( when heated 
Au j 

gets at the metal beneath. A magnesium oxide film is removed by 

solutions of ammonium salts. 

Lead is attacked by dilute sulfuric acid but the thin him of in- 
soluble lead sulfate is so strongly adherent that the attack stops 
almost as soon as it starts. Because lead sulfate dissolves m con- 
centrated sulfuric acid the action continues in the concentrated 

Copper, below hydrogen in the scries, should not be attacked 
by such acids as hydrochloric or acetic, yet it is slowly attacked 
in the air, because the film of copper oxide formed reacts with 
acids. Another oxide film slowly forms, and in lurn is attacked. 

How to Solve Problems. Suppose we solve a problem to ifius- 
trate an almost infallible method and compare ,t with the 

method given on page 56. 

How many grams of hydrogen are formed when 80 gram »t 
zinc react with sufficient hydrochloric acid to dissolve the metal. 

1. Write the equation: 

7n + 2 HC1 -> H 2 + ZnCl 2 
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2. Select the two substances that are being discussed. From 
the equation we learn how many atoms or molecules are being 
compared. We balanced this particular equation solely to learn 
that one atom of zinc and two atoms of hydrogen are being com- 
pared. We are not concerned with the amount of HC1, provided 
there is enough to react with all the Zn, nor does the problem 
ask anything about the ZnCl 2 . 

3. Select four numerical values relating to these two sub- 
stances, two in grams (etc.) and two in terms of atomic weight 
units. Set the values in grams, properly labeled, above the formu- 
las for these two substances in the balanced equation and the 
atomic weight values below them. Of course, x represents the 
unknown value: 

80 g. * g. 

Zn + 2 HC1 — > H 2 4- ZnCl 2 
65.38 2.016 

4. Write these four values in a chemical proportion exactly as 
indicated by step 3. Solve for 

80 .t 

65.38 ” 2.016 

x = 2.47 grams of hydrogen 

If this method is followed closely, mistakes will be rare. Had 
liters of hydrogen been asked for, the 2.47 g. could be converted 
into liters after learning the weight of one liter. 

Optional Method of Solving Problems. Suppose wc wish to learn how 
many grams of zinc will be required to displace 200 grams of hydrogen from 
hydrochloric acid: 

Zn + 2 HC1 — ZnCl . + H : 

65.38 2.016 

h is evident from the above balanced equation that 65.38 g. of zinc displace 
2-016 g. of hydrogen. Therefore todisplacc 1 g. ofhydrogcn g. of zinc will 

be required and to displace 200 g. there must be used 200 X g. = 6486 g. 

1 o 

of zinc: 
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Exercises 

3. What metallic oxides are readily reduced to metal by hot hydrogen? 

4. How is a “salt” formed? Name a few. 

5. What is the “water gas” method of preparing hydrogen? 

„ 6. Name four elements with which hydrogen unites directly on heating 
What metals displace hydrogen from cold water? From hot water or steam. 
From dilute acids? What metals do not displace hydrogen from dilute 

acids? 

7. If you heated potassium chlorate in a strong closed tube, would the re- 
action be reversible? 


8. How can you change liquid cottonseed oil (“Wesson oil") into a fat having 
the consistency of lard? 

9. When a proper mixture of hydrogen and oxygen is ignited, a sharp explo- 
sion occurs. The pressure generated may even burst the containing vessel. 

Since fewer molecules exist than before 


2 H* + O 2 2 H^O 


how can you account for the increase in pressure? 

10. Seventy liters of hydrogen (standard conditions) arc passed through a 
heated tube containing dry copper oxide. What weight of water could be 

condensed beyond the heated tube? 

11. How many liters of hydrogen (measured under standard conditions) can be 

released from water by 24 g. of calcium? 

12. How many grams of iron will be required to release I 50 g. of hydrogen 

from sulfuric acid? . 

13. How many grams of sulfuric acid will exactly react with 200 g. of aluminum. 

14. Will silver react with hydrochloric acid? 

15. Calculate the percentage of oxygen in potassium chlorate. 

16. How many grams of oxygen are in 4.3 kg. of potassium chlorate? 

17. Hydrogen was passed over heated copper oxide. The water formed was 
collected and found to weigh 80 g. (a) What is the weight of the hydrogen 
that reacted with the copper oxide? (4) What is the loss ... weigh, of the 

CuO? 

note: Unless otherwise stated volume, of gases will always refer to slandard 
conditions of temperature and pressure. 
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Chapter Outline 

1 . History of Hydrogen. 

2. Occurrence. 

3. Preparation 

from acids, 
from bases, 
front water, 

by certain metals (cold or hot), 
by carbon, 
by electrolysis, 
from water gas, 
from coke oven gas, 
by cracking hydrocarbons, 
by cracking ammonia. 

4. Physical Properties. 

5. Deuterium. 

6. Chemical Properties of Hydrogen 

What reactions proceed with cold molecular hydrogen? 

What reactions proceed with hot molecular hydrogen? 

What reactions proceed with hydrogen aided by catalysts? 

What reactions proceed with atomic hydrogen? 

7. Reversible Reactions 

Nam< a reaction which you can drive to right or left as you wish or 
maintain at a definite equilibrium as you desire. 

How is it managed? 

8. Uses of Hydrogen. 

9. How Is Atomic Hydrogen Made and Used? 

10. Activity Series. 


Review Suggestions 

r< n minutes' questioning of yourself on the things brought out in the 
lecture, if given within two hours, is worth an hour’s review the next 



HOW TO SOLVE PROBLEMS 103 

In all equations underline the formulas for insoluble products. Use 
an arrow pointing upward ( f ) to indicate the escape of gases formed. 

In writing equations it tends toward clearness to “fence in” the 
elements that you know from laboratory observation must unite. 

Cu 1 O + H.n H .O + C.u, 

Fe 3 | 0,1 4- 4 H 2 | — * 4 HoO 4~ 3 Fe 




Chapter io valence 


Valence is most easily understood by reasoning from experiment. 
(The electronic explanation is given later in this chapter.) If we 
weigh out the metals sodium, magnesium, and aluminum in pro- 
portion to their atomic weights, we should take 23 g. Na, 24 g. 
Mg, and 27 g. Al. For that matter 23 tons Na, 24 tons Mg, and 
27 tons Al would maintain the same proportion. As a matter of 
convenience it is better to weigh out 23 mg. Na, etc. The relative 
weights of single atoms have been determined on a basis of 

comparison with the oxygen 
atom as of atomic weight 16. 

It is of vital importance 
here to know that a “gram- 
atomic weight” of sodium 
(23 g.), a gram-atomic weight 
of magnesium (24 g.), and a 
gram-atomic weight of alu- 
minum (27 g.) each contain 
the same number of atoms. If 
this is not clear, imagine that 
French soldiers average 1501b. 
and German soldiers 160 lb. 
Calculate the number of sol- 
diers in a detachment of Germans with a total weight of 
160,000 lb. and in a detachment of French soldiers with a total 
weight of 150,000 lb. Evidently there are 1000 men in each 

104 
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Na Mg Al 


Fig. 52. Relative volumes of hydrogen 
displaced by milligram atomic weights of 
sodium, magnesium, and aluminum. 
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detachment. We weighed out both groups in proportion to the 
weights of the individuals. 

Suppose, then, that we weigh out 23 mg. of sodium, 1 24 mg. 
of magnesium, and 27 mg. of aluminum and introduce them 
under inverted tubes of dilute hydrochloric acid (a solution ol 
HC1 in water). In laboratory practice the tubes may rest in sub- 
merged crucibles containing the metals. After the hydrogen 
released has displaced water from the tubes into the beaker of 
water below, the tubes are adjusted until the levels of water inside 
and out arc the same. Making the usual corrections for pressure, 
temperature, and presence of water vapor, the results aie as 
follows : 


23 mg. sodium release 11 ml. hydrogen = 1 mg. 

24 mg. magnesium release 22 ml. hydrogen = 2 mg. 

27 mg. aluminum release 33 ml. hydrogen = 3 mg. 


(From the weight of 1000 ml. of hydrogen, 0.09 g., the weight 

of 1 1 ml. can be calculated by proportion.) 

From the above results we see that one atomic weight of sodium 
in milligrams releases exactly one atomic weight ol hydrogen in 
milligrams, while one atomic weight of magnesium in milligrams 
releases two atomic weights of hydrogen in milligrams, and oik 
atomic weight of aluminum in milligrams releases three atomic 

weights of hydrogen in milligrams. 

By using the atomic weight of each metal in milligrams we knew 
we were using equal numbers of atoms. 1 he above results can 

then be expressed as: 


1 atom of sodium displaces 1 atom of hydrogen 
1 atom of magnesium displaces 2 atoms ol hydrogen 
1 atom of aluminum displaces 3 atoms of hydrogen 


Na 4- MCI -> NaCl + H 
Mg 4- 2 HC1 — > MgCl 2 4- 2 H 
A1 4- 3 HC1 -> AlCb 4- 3 H 


1 In practice it is best to put the fresh-cut sodium ... a small ^'atm eapsu e tn a 
few minutes the capsule is dissolved and the water comes m contact I w. U 
•odium. Magnesium ribbon should 1* cleaned with sandpaper, and 
etched with dilute base, washed, and dried before weighing. 
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Not merely does one atom of sodium displace one atom of hydro- 
gen, but in the resulting compound, sodium chloride, it holds one 
atom of chlorine, that is, it is equivalent to it in holding capacity 
just as 1 Cl is equivalent (for chemical reaction purposes) to 1 H. 
Furthermore, one atom of hydrogen holds one atom of chlorine in a 
molecule of hydrogen chloride (HCl). YVe see that the displacing 
capacity (towards hydrogen) and the holding capacity (towards 
chlorine) arc twice as great with magnesium and three times as 
great with aluminum as with sodium. Valence is a number which 
indicates how many atoms of hydrogen or chlorine one atom of a 
given element will displace or hold. One atom of a monovalent 
element displaces or holds one atom of hydrogen or holds or 
displaces one atom of chlorine. Of course one atom of a divalent 
element could displace two atoms of hydrogen or hold two atoms 
of chlorine. Magnesium must be divalent and aluminum tri- 
valent. Oxygen, as shown by the formula H>0, must have a 
valence number of two, since one atom holds two atoms of 


monovalent hydrogen. CaO is the accepted formula for quick- 
lime, calcium oxide. Since we have just reasoned that the valence 
number of oxygen is two, we now have a logical right to state 
that the valence number of calcium is also two, for one atom of 
calcium holds one atom of divalent oxygen. A common error at 
this point is the incorrect statement that any element one atom of 
which holds just one atom of any other element is monovalent. 
Some chemists prefer to deline valence as the number of gram- 
atomic weights of hydrogen that one grain-atomic weight of the 
element will displace or hold. 


Exact atomic weight 
Equivalent weight 


valence number 


or. exact atomic weight = valence number X equivalent weight. 
(Equivalent weight and combining weight are the same.) 


Exercise 

1. According to the formulas HCl, H_>0, XH 3 , and CH 4 , what do wc know of 
the valence numbers of chlorine, oxygen, nitrogen, and carbon? 
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We have just learned by experiment that the valence number 
of aluminum is three. And since oxygen is divalent, the correct 
formula for aluminum oxide must be AI2O3. The total valence 
numbers of the two aluminum atoms is six, which equals, as it 
should, the total valence numbers, six, of the three oxygen 
atoms. 

2. What must be the correct formula of magnesium oxide? Of calcium 
chloride? Of sodium oxide? 


Some elements have two or more valence numbers, but most 
have only one. In red cuprous oxide, CU 2 O, the copper is mono- 
valent, for it takes two atoms of it to hold one divalent oxygen 
atom. In black cupric oxide, CuO, the copper is divalent, for one 
atom holds one atom of divalent oxygen. In the two chlorides of 
iron, FeCl 2 and FeCl 3 , ferrous and ferric chlorides, we have 
another illustration of variable valence. Nitrogen in its live 
oxides, N 2 0, NO, N 2 O 3 , NO 2 , N.0 6 , shows different valence 
numbers. But when an element has more than one valence 
number, it is well to remember that in most cases only one is 
common. The usual valence number of copper is two. 

Radicals. We have already noticed in equations, such as 


2 Na + H2SO4 -> Na .SO, + H, 

Mg + H2SO4 -> MgSO j + H . 

2 A1 + 3 H 2 SO 4 — » AMSOOj + 3 H 2 
Bad 2 + Na*S 04 -> BaS0 4 + 2 NaCl 


that one sulfur atom and four oxygen atoms seem to hold together 
as a group or radical during reactions, passing from one com- 
pound to another unchanged, much as a family of Aiabs might 
move from one tribe to another without the loss of any ol its units, 
parents or children. We call the SO4 group of atoms the “sullate 
radical.” It is incapable of existing free and its compounds are 
always called “sulfates.” For example, H2SO4 is always known as 
“sulfuric acid,” but it can be called “hydrogen sulfate.” Sodium 
sulfate is Na-.S0 4 , magnesium sulfate is MgSO,, and aluminum 
sulfate is A1 2 (S0 4 ) 3 . In nitric acid, HNO., and the nitrates de- 
rived from it such as NaNO, and Cu(NO,)„ we find the NOa 
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group of atoms holding together pretty well through certain re- 
actions, so we call it the “nitrate radical.” In phosphoric acid, 
H 3 PO 4 , and the phosphates made from it, such as Na 3 P0 4 , we see 
a similar group — P0 4 — called the “phosphate radical.” In 
HNO 3 a single nitrate radical holds one monovalent hydrogen; 
in H 2 S0 4 the sulfate radical plainly holds two hydrogens; in 
H 3 P0 4 the phosphate radical holds three hydrogens. The natural 
assumption is that the nitrate radical is monovalent, the sulfate 
radical divalent, and the phosphate radical trivalent. We can 
easily learn the valence number of any acid radical by looking up 
the correct formula of the corresponding acid and counting the 
hydrogen atoms held by one radical. A knowledge of the valence 
numbers of radicals is very convenient in remembering correct 
formulas. l or example, CuSOj must be the correct formula for 
copper sulfate because we know already that copper is divalent 
(see CuO) and so is the sulfate radical (sec H >S0 4 ). Therefore 
the two valence numbers just exactly balance each other, as they 

COMMON VALENCE NUMBERS 


MONOVALENT DIVALENT TRIVALENT 



Sodium 

Na + 

Calcium 

Ca + + 

Aluminum 

Al +++ 


Potassium 

K + 

Copper (ic) 

Cu + + 

Iron (ferric) 

Fe + * + 

v. 

*** 

Ammonium 

NH/ 

Magnesium 

Mg + + 

Chromium 

Cr +++ 

H 

• , > 

Silver 

Ag + 

Mercuric 

He** 

Arsenic 

As + + + 


Mercurous 

Hg + 

Iron (ferrous 

0 Fc ++ 

Antimony 

Sb +++ 


or 


Lead 

Pb ++ 






Zinc 

Zn ++ 



7) 

■ 

( Chlorine 

Cl- 

Oxygen 

O — 

Nitrogen 

N 

V 

/. < 

Bromine 

Br- 

Sulfur 

s — 

Phosphorus 

P 

/ _ 

1 oili no 

i- 






I’luorine 

l'- 






I Ivdroxide 

OH- 

Carbonate 

co 3 — 

Phosphate 

po 4 — 


Nitrate 

NO3- 

Sulfate 

so,— 

Arsenate 

As0 4 


Chlorate 

cio 3 - 

Sulfite 

1 

1 

0 



X 

Bicarbonate 

UC03- 






I ctravalent carbon and tctravalcnt silicon may be added to this table. Sulfur, 

niiioi'cn, phosphorus and arsenic also have other valence numbers than those 
assigned in the table. 
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should in all compounds. A^SO.^ must be the correct formula 
for aluminum sulfate because the valence number of aluminum is 
three (see A1C1 3 ) and of the sulfate radical two. Consequently 
A1S0 4 cannot be right, because a valence number of three for 
the metal is not equal to a valence number of two for the radical. 
Two aluminum atoms furnish a total of six (2 X 3), just equaled 
by the total six (3 X 2) of the three sulfate radicals. It is a great 
help to put marks above the elements or radicals, as in Ca Cl* 
or AV'^SOOs" or Cu"(N0 3 ) 2 , to indicate their valence. 

3. With the help of the above valence tabic write the correct formulas for 
zinc nitrate, cupric bromide, carbon tetrachloride, carbon dioxide, silicon 
dioxide, barium sulfate, and a simple compound of hydrogen and carbon. 

4. If 65.4 mg. of zinc displace 22 ml. of hydrogen from some acid, what must 
be the valence numbers of zinc? Deduce this from the valence experiment 
at the beginning of the chapter. 

5. Since CaO is the correct formula for calcium oxide (quicklime), what must 
be the formula for calcium bromide? From the formula BaGl, for barium 
chloride deduce the correct formula for barium sulfate. 



Cu s (P0 4 ) s 


Hand in a copy of your completed chart. 


Structural Formulas. It is convenient, although wholly dia- 
[rammatic, to represent the valence units between c c ™ cn s 
traight lines or “bonds of valence.” Thus Na— Cl » the struct- 
ural formula for sodium chloride (common salt). Since 
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valence number of sodium as well as that of chlorine is one, this 
single line is a convenient picture of the relation. 


Fe 


/ 


Cl 


/ 


Cl represent ferrous chloride and ferric 


and Fe^-Cl chloride, in which iron is seen to have 
Cl X C1 valence numbers of two and three. The 

“-ic” compounds of a metal are those in which the metal has a 
higher valence number than in the “-ous” compounds. 

O 


A1 




The formula 


merely represents A1 2 0 3 , showing the usual 
O valence numbers of three for aluminum 


Al^ ^ and two for oxygen. 


H— O O 

w 

s 

H— O O 


is a convenient structural formula for sulfuric 
acid. This will be more accurately expressed a 
page or two farther on. An annoying question 
that will not down in the student’s mind is this: 
“What is the valence number of the sulfur inside 
the SO 4 radical?” And it is a further cause of disquiet that the 
student already knows that four oxygen atoms have a total 
valence number of eight, yet he is told the valence of the whole 
group is only two! 

A glance at the structural formula of sulfuric acid shows us that 
the sulfur atom and the four oxygen atoms of the SO 4 radical arc 
well occupied in holding each other. The effective outside valence 
number toward hydrogen or other atoms is only two. 

1 he valence number of iron in Fe 3 C >4 is not apparent until the 
formula is written as FcO • Fe>0 3 which shows that both divalent 
and trivalent iron atoms occur in the molecule. 

I lie structural formula of black ferrous sulfide, FcS, is evi- 
dentlv l‘e = S but that of the yellow mineral iron pyrites, Fe 2 S.j, 
is not so simple. Perhaps it is 

Fe— S 


S 


S 


Fe— s/ 

I 11 ethane, G 2 H 6 , the valence of carbon might seem to be three, 
yet if the structural formula is written it is seen that each carbon 
is holding the other and that the correct valence number of 
carbon is four: 



COVALENCE 

H H 


in 


H-C— C-H 

I I 

H H 

Electrovalence. When sodium unites with chlorine to form 
molecules of sodium chloride, the sodium atom really loses an 
electron to the chlorine atom (p. 27). This leaves an excess of one 
positive charge on the sodium atom — and in the compound 
formed the valence number of the sodium atom is one , a positive 
valence of one. When the neutral chlorine atom gains an elec- 
tron, it possesses an excess of one negative charge — and in the 
compound has a negative valence number of one. (These charged 
atoms are called “ions.”) The bond between atoms set up by 
electron transfer is called an elect rovalcnt bond. It is limited to 
acids, bases, and salts although these compounds may also use 

covalent bonds. 

Covalence. In many reactions electrons arc not transferred 
but shared in pairs by two atoms, bach atom conti ibuus on< 
electron to make a pair by which the two atoms ate h< Id tog( t < i 
with a valence of 1. If the valence number ol each atom is _ it 

is necessary that two pairs be shared. 




rig. a rnoiccuic 01 nuumit 

pair of electrons. 

If dots be used to represent all the valence el< < uons ol ih< <>u 
shell or layer and two dots ( :) to represent a covalent bon o , 
the following valence formulas will be understood : 

: 6 : + : 6 : — : 6 : : O oxygen molecule 

Here two oxygen atoms with six electrons tat h in l,u ° •. 

valence layer of electrons (inner layer not repic senlt c 
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by sharing two pairs of electrons to form a molecule, 0 2 , in which 
each has a claim on eight electrons for its outer shell. 

H 

• • • • 

N : -f* 3 H — * : N : H, ammonia molecule 
• • • • 

H 



_ 

1 

Ox. 

C 





Ox. 


Here a nitrogen atom with five outer valence electrons unites 
by covalence with three atoms of hydrogen each of which con- 
tributes one electron for the three 
electron pairs necessary. There is no 
transfer of electrons, merely the for- 
mation of a covalent compound, am- 
monia, in which nitrogen has a claim 
on eight electrons for its outer shell. 

It is probable that these shared pairs 
of electrons are attracted more power- 
fully by the positive nucleus of the smaller atom than by the 
other, thus making one of the atoms seem more negative than 
the other. 


Fig. 54. A non-polar molecule 
of carbon dioxide formed by 
sharing two pairs of electrons. 


As a matter of fact electron pairs are shared equally only in 
the case of identical atoms (or groups) where the atomic radii 
are equal : 

H- + .H— *H : H 


It is really not a simple matter in covalent compounds to call one 
element positive when it has not lost electrons and another 
negative when it has not gained electrons. For convenience we 
usually call the metals positive for they are more likely to lose 
electrons than are the non-metals. Liquid HC1 is a non-conduc- 
tor because of the covalent linkage (unlike electrovalent NaCl). 
I lowcver, a water solution of HC1 shows the presence of H + and 
Cl - ions. 

1 his ionizing effect of water on covalent HC1 is due to the 
great attraction of water molecules for the proton (H + ), a hydro- 
gen atom minus its planetary electron. Solvents such as benzene 
|(: -1 1-0 have no such proton attraction. A solution of HC1 gas in 

benzene does not attack marble, unlike ordinary hydrochloric 
acid. 
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The atoms inside a radical (NO,-, SO,", CO,-, etc.) are held 
together by covalent bonds. 

In dilute solutions the actual condition of H 2 S0 4 is best indi- 


cated by H+r 


H + 


: O : 

: 6 : S : 6 
. • . . ■ • 

: O : 


where hydrogen atoms are attracted 
| by electrovalence while oxygen 


atoms are held to the suliur by 
J covalence. 

The H + refers to a hydrogen atom which has given its electron 
to another atom. After the loss II* is called a hydrogen ion 
(charged atom or group of atoms). The SON group m brackets 
has gained two electrons, becoming a divalent negative ion. 

Anhydrous ferric chloride has a low boiling point, is soluble in the hydro- 
carbon solvents, and is a poor conductor in .he fused slate. All '^onnected 
with covalent linkage. Ferric chloride reacts with water (as does HC.I) to form 

clcctrovalcnt bonds with resulting high conductivity ^ 

Evidently a shift of the electron pair in covalent compounds ma> be influ 

en Th?.i: h i:.ro C :s in a covalen, bond spin in opposite directions, thus setting 
up an electromagnetic force drawing the atoms together. 

Coordinate Covalence. When both electrons in a shared pair 
come from one atom the valence bond relates to coordinate co- 

^ | ^ 

Two molecules of different substances may unite by co- 
ordinate covalence. For example, 


F 


F: 


H 


B + : N : H 


I- 


F: 


H 


F: H 


B : N : H 


F : 11 


• • 

. • v Itnmn trifluoride with ammonia. Note 

represents the union of boion irmuoi 

that the boron atom lacks two electrons of completing an outer 
shell of eight. Nitrogen, with a free pair, donates the joint use of 

this pair to the boron to form the coordinate bond. 

Positive and Negative Valence Numbers. Electnca ly 
neutral atoms have no valence number. It i. only m compounds 

after electrons have been given away or taken up o. 

atoms exercise valence. An clement such as a metal or hydiogtn 
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that has given away one electron has a positive valence number 
of one; if it has given away two electrons, it has a positive valence 
number of two. An element that has gained one electron has a 
negative valence number of one; if it has gained two electrons, it 
has a negative valence number of two. 

In any compound the algebraic sum of the positive and nega- 
tive valence numbers is zero. Thus in H.O the total positive 
valence of the two hydrogen atoms is two and the negative 
valence of the oxygen atom is also two. 

In compounds of one non-metal with another, the more active clement is 
usually said to exhibit a negative valence. For example, in PC1 3 the chlorine 
has a negative valence number of one and phosphorus a positive valence 
number of three. 


An element may be positive towards one element and negative 
towards another as with sulfur in S0 2 and H 2 S. In covalent 
sharing the pair of electrons is nearer the positive nucleus of the 
smaller atom. 

Hydrogen Bridges. The valence number of an atom is not 
always the same as (he number ol bonds connecting it to other 
atoms. "Until recently," states M. L. Huggins, “it has not been 
generally realized that a hydrogen atom already bonded to one 
other atom can, under certain circumstances, become bonded to 
a second atom in the lollowing way: 

X : H 4- : V — > X : H : Y 

I Kdiogen forms strong bridges or bonds like the above between 
<t lew atoms such as ( ), F, X and much weaker bridges or links 
between some ot Iters. A hydrogen bridge is roughly one-tenth as 
•si long as an ordinary single bond in an organic molecule. 

In iee. each oxygen atom is held to four neighbors through 
hydrogen bridges. In liquid water these bridge connections (due 
to lieai motions ol the molecules) arc continually being broken 
and new ones lorined. Many loose molecular compounds may be 
attiibuted to hydrogen bridge formation. 

Oxidation and Reduction in Terms of Electrons. Although 
the original conception of oxidation meant the addition of oxygen 
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to an element or compound and reduction just the opposite (the 
loss of oxygen), later conceptions led to a broader view. 

Increase in valence number of the central positive element in a 
compound has come to be considered as oxidation and decrease 
in valence number as reduction. For example, the process 

2 FeClo CI 2 * 2 FeCU 


involving an increase in the valence number of iron from two to 
three, is recognized as oxidation of ferrous chloride to ternc 
chloride. The free chlorine bringing this about is called the 

oxidizing agent. 

Since a loss of electrons (negative charges) leaves an excess ol 
positive charges on the previously neutral atom, it is clear t tat 
the positive valence number of that element has increased : it has 
been oxidized. In the above reaction one iron atom in each 
molecule of ferrous chloride has lost one electron (to a neutral 
chlorine atom) and so has been oxidized. 


2+ 1 - 0 

2 FeCU + CI 2 

L—,-, ' 


:<+ 1- 
2 FcCh 


Oxidation is the loss (or increased sharing , of electrons by the 
atom or substance oxidized. Reduction is the gam of electrons (or 

decreased sharing) by any substance reduced. , . 

The oxidation of calcium by chlorine gas can be made clea, by 

use of “half-reactions.” 

Ca - 2 e—* Ca- + (oxidation) 

Cl 2 + 2 e -> 2 Cl 1- (reduction) __ 

C^CMc^mplctc reaction) 

The extent of electron transfer differs with different elements 

often involving actual sharing of one or more pairs of d« dro a 

• . . 1 „ f'r\ although the carbon atom lias 

bv the reacting atoms. In an s 

only obtained a share in certain Jointly held e eetrons an con- 
venient to count the “oxidation number (same as valence 
number) of carbon as four as if it had donated four e ec runs 
completely to the oxygen. Furthermore oxygen » never 

actual electron donor. 
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Exercises 

6. How could you reduce Fe 2 0 3 in which iron has a valence number of three? 
Give an electronic explanation. 

7. When magnesium unites with chlorine, how are the electrons lost and 
gained? 

8. In refreshing your memory as to the valence number of an clement, what is 
the advantage of looking up the correct formula of the chloride (index)? 

9. Define positive valence number; negative valence number; electro valence; 
covalence; coordinate-covalence. 

10. If 26 g. of chromium displace 1 g. of hydrogen from hydrochloric acid, 
what is the valence number of chromium in this displacement? 

11. Assuming that chlorine is monovalent and that oxygen is divalent, state 
the valence number of each of the metals in the following compounds: 
MgO, AgCI, AlGla, FeO, Fe 3 0 3 , SnO* Cr 2 0 3 , NiClj, AuC1 3 . 

12. Gobaltous oxide is CoO; cobaltic oxide is Co 2 0 3 . Write formulas for two 
types of cobalt compounds containing any of the following groups: Cl, 

NO*. !»(-)., SOi. 

13. Molecules of covalent compounds have relatively little attraction for each 
other and so are readily separated from each other in both their solid state 
(low melting points) and their liquid state (low boiling points). On the 
other hand the attraction between ions in ionic crystals is so strong that 
the melting points of salts are high. So are their boiling points. 

Select covalent and clectrovalent compounds from those with the following 

boiling points: MCI, -83°, LiCl, 1337°, NaCl, 1442°, Beds, 300°, BC1 3 , 12.6°, 

and GC:i,, 77°. 
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Chapter n water and hydrogen 

PEROXIDE 


WATER 

History. Cavendish, not content with his pioneering study of the 
properties of hydrogen, added to his laurels by synthesizing 
water by igniting a mixture of two volumes of hydrogen and one 
of oxygen with electric sparks. Lavoisier decomposed water with 
red-hot iron and clearly interpreted Cavendish’s experiments. In 
1800 Nicholson and Carlisle decomposed water into its elements 
by electrolysis, securing two volumes of hydrogen to one of 
oxygen. This was the first time the electric current was used to 

bring about a chemical change. 

Occurrence. Waler is the most essential and most abundant 

compound. It makes up over two-thirds of the human body. 
Plant tissue contains from 50 to 75 per cent water. Evidently 
moisture in the soil and in the air is necessary to plant hfe. 

One inch of rain on the United States corn belt at the critical 
time in the growing season is worth $800,000,000. 1 his inch on 

a single acre weighs 1 1 3 tons. .... , . 

Physical Properties. Pure water is colorless in thin layers, but 

in thick layers is blue. However, we do not find absolutely pure 

water in nature. The pleasant taste of good drinking water is due 

to dissolved air and carbon dioxide. This explains why boiled 

water is so unpalatable. r 

One milliliter of water at 4“ C. weighs one gram, so by defini- 
tion its density is one gram per ml., a standard for comparison of 
all solids and liquids. Water expands on being warmed above- or 

cooled below this point, so that its density is greatest at 4 C. 

117 
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Specific gravity is a mere number representing the ratio of the density of any 
material to that of a standard, usually water. Since 1 ml. of gold weighs 19.32 g. 
its sp. gr. is 19.32. 


Under 760 mm. pressure liquid water becomes solid ice at 
0° G. and gaseous steam at 100° G. In melting one gram of ice at 
0° C. into water at 0° C., 79.7 calories of heat must be absorbed. 
Conversely, on freezing, one gram of water releases 79.7 calories. 
This is called the heat of fusion of ice. 

One gram of water at 100° C. requires 539 calories of heat to 
change into steam at 100° G. On condensing this steam into 
water, 539 calories — the heat of vaporization — are released. 



Infrared Absorption Curve for Water 

fig. .Vi. Every substance, even pure water, records its own finger print on light 
by absorbing (stopping) certain wave-lengths. Sec Chapter on Radiation Chemis- 
try. One micron = 10 ' cm. 


1 he specific heat of water is 1, which means that one calorie of 
heat is required to raise the temperature of one gram of water one 
degree. This is greater than the specific heat of almost every other 
substance. It is for this we prize a hot-water bottle — at times — 
and enjoy a hot -water heating system. Since the specific heat of 
many common rocks is only one-fifth that of water, it is evident 


that great bodies of water heat up slowly and cool off slowly in 
comparison with land, thus moderating the climatic changes. 

Hut for the high specific heat of water and the high percentage 
ol water in the human body even gentle exercise would raise our 
body temperature dangerously, perhaps fatally. 
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It is possible that the high specific heat of water is the heat of 
dissociation of trihydrol: 

(H .O) 3 -> 3 H,0 

Liquid water is a mixture of H-.O, (H 2 0) 2 , and (H*0) 3 ,n P ro " 
portions varying with temperature, lor ice is laigel> trih\dro an 
steam largely monohydrol. Duclaux insists that if water mole- 
cules were not associated in this way the liquid would boil at 100 
below zero. What a readjustment for the world would be necessary 

in such a circumstance ! f 

The hydrogen bond determines the magnitude and nature o 

the mutual interaction of water molecules, accounting or 

(H 2 0) 2 , (H 2 0) 3 , etc. 

ri 

Dihydrol, (H.O)., is H : 6 : H : O : H 

Steam may be superheated so that metal containers become 
red hot. In the latest steam turbine (a giant wtth a shaft 75 ft 
long) steam at 545° C. and 1250 lb. pressure ts sent agamst the 
rotating blades. In one-tenth of a second the pressure drops to 
a fair vacuum (on condensation) and the temperature to about 
24° C. Parts of the blades rotate a. 1 300 feet per secondjhe 
shaft is connected with an electric generator of 100,000 ktlowatt 

< a Heavy Water, DrO. Common water contains about one part 

^ T°he 0 fo O llow°g table gives some of the physical data obtained 
with heavy water, compared with those of ord.nary water. 

HEAVY WATER 

(99% H,0) 
101.42° C. 
3.82° C. 

1 . 1 079 
1 3.7 (92%) 
1.3281 
68.1 (92%) 


Boiling point 

Freezing point 

Density (20° C.) 

Viscosity (20° C.) 

Refractive index (20° C.) 
Surface tension (20° C.) 
Solubility of 

NaCl 

BaCI* 


ORDINARY 

WATER 

1 00° C. 

0.0° c. 

0.9982 

10.87 

1.33293 

72.75 

35.9 gins. /1 00 ml. 
35.7 gins./ 100 ml. 


30.5 g./100 ml. 
28.9 g./ 100 ml. 
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Some typical reactions: 

2 D 2 0 + 2Na-»D 2 + 2 NaOD, 

D 2 0 + CaO -> Ca(OD) 2) 

N 2 + 3D 2 ->2 ND 3 

The resulting compounds differ a litde, but not much, from 
the similar hydrogen compounds in properties. 

Chemical Properties. Water reacts with some elements, such 
as chlorine and sodium: 

Cl 2 + H 2 0 <=* HC1 + HOC1 
2Na + 2 HoO 2 NaOH + H 2 
Ca + 2 H 2 0 -> Ca(OH) 2 + H 2 

With ammonia it forms the soluble base, ammonium hy- 
droxide: 

NH 3 + H 2 0 ?=± NH<OH 

while with calcium oxide it forms the base, calcium hydroxide: 

CaO + H 2 0 -> Ca(OH) 2 

Exercise 

1. What metals react with cold water? What metals react with steam only 
when very hot? Can carbon be made to react with water? What oxides 
react with water? Sec chapter on Oxygen and on Hydrogen. 

Calcium carbide reacts with water to yield acetylene, a gas 
readily recognized by its odor, thus making possible a delicate 
test for water. 

Smith and Bryant, J. Am. Chan. Soc., 57, 841 (1 935), detect as little as 0.0002 
per cent of water in gasoline by their reagent. 


Hydrates. Many crystals arc anhydrous. Certain substances 
crystallize from their water solutions on slow evaporation of the 
liquid, and carry definite amounts of water with them. This 
water of crystallization, as it is sometimes called, is not held in a 
wet-sponge fashion, for no amount of pressure will squeeze it out. 
Moreover a sponge can hold any amount of water, within wide 
limits. Not so these hydrates which we are discussing. Hydrates 
must be definite chemical compounds because atomic weights are 
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essential in expressing their composition. The water molecules 
must be attached to the metal ion by coordinate covalence. Some 
substances, it is true, can crystallize with two or three definite 
amounts of water, but the shapes of the crystals, solubility, and 
some other properties are then different. These hydrates feel dry 
to the touch but easily lose their combined water when heated. 
On adding the heated product to water the same solution is ob- 
tained as if the crystals had been used. For example, blue vitriol 
is a hydrate with five molecules of water of crystallization, 
CuS0 4 • 5 H 2 0. When heated above 200°, all the water is lost and 
a white powder is obtained, CuS0 4 . Under favorable conditions 
this can be obtained in crystals of a different shape from those of 
CuS0 4 -5H 2 0. But add either CuS0 4 -5H 2 0 or CuS0 4 to 
water and the same blue solution results. On careful evapoiation 
of the two solutions, both produce blue crystals of CuS0 4 - 5 H 2 0: 

CuS0 4 + 5 H 2 0 -> CuS0 4 • 5 H .O 

Copper sulfate forms at least three hydrates, CuS0 4 -5 H .O, 

CuS 0 4 -3 H 2 0, and CuS0 4 H 2 0. 

Dehydrated copper sulfate gives off 18,500 calorics of heat 
when a gram-molecular weight, or mole, of it unites again with 
as much water as it held in its original form of CuS0 4 -5 H 2 0. 

Many minerals, gypsum for example, arc hydrates. 

Such hydroxides as we have known so far (NaOH, Ca(OH) 2 , 
and KOH) can also be formed by the union of water with the 

proper metallic oxide. 

CaO + H 2 0 -> Ca(OH) 2 , 

Na .O + H 2 0 2 NaOH 

Hydrates, however, are well-crystallized compounds formed by 
the union of water with compounds, such as CuS0 4 , or even 
with an element, such as chlorine. Some hydroxides, like hy- 
drates, lose water readily on heating. Silver hydroxide loses water 
as fast as it is formed at ordinary temperatures, so that we secure 
only silver oxide. In fact the oxide may be drowned with water, 
but it refuses to hold any of it. In hydrates the water molecules 
retain their identity in the crystal lattice (as shown by X-ray 
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photographs of their crystals), while in hydroxides the water lost 
on heating comes from the —OH groups. 

Heating CuS0 4 -5 H 2 0 -> CuS0 4 + 5 H .O 


S\ Q J_J 

Heating Cu^J-q-, ^ 


CuO + HoO 


Place a clean crystal of Na 2 S0 4 * 10 H 2 0 in the open air and it 
soon crumbles to a white powder weighing far less than the 
crystal. Evidently the outward pressure of the water evaporating 
from the crystal is greater than the opposing pressure of water 
vapor in the air. Water is lost until the rates of evaporation and 
deposition of water molecules become equal. 

Such loss of water from hydrates at room temperatures is called 
efflorescence. Washing soda, Na 2 C0 3 - 10 H 2 0, acts in a similar 
manner. Other hydrates lose little or none of their water in ordi- 
nary air — blue vitriol, for example. This means that the 
aqueous tension of CuS0 4 -5H 2 0 cannot more than slightly 
exceed the partial pressure of water vapor in ordinary air. It 
might be less. But in absolutely dry air blue vitriol loses water. 

Deliquescence, the taking up of water vapor by certain very 
soluble solids, is discussed later. 

Drying. It is often desirable to remove moisture from air or 
other gases. This may be accomplished by the drying agents 
mentioned below which function as indicated: 


lb <. hcmic .il n actio 


CuSO, 
Mr(C10 4 ) 8 

To form hydrates Ba(C10 4 )2 
ns I CaS0 4 

. I b-SO, 
[P-Oj 

To form acids or bases CaO 

BaO 

KOH 
NaOI 1 
CaCl 2 

H..SO*, in part 
|SiO a (“Silica Gel") 

A 1.0 j (“activated alumina”) 
lb condensation of water vapor in capil- Mr(C10 4 ) 2 . 


lb l< ‘filiation of solutions of low aqueous 
\ a.x >r tension 






Ba(C10»)s ; ,n parl 

C!aS() 4 . in part 
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Ordnance and certain other metal parts crossing the sea during 
the early part of World War II were exposed to salt air corrosion, 
unless greased. Later shipments were sealed in waterproof bags 
containing active silica gel. This ultraporous solid kept the 
enclosed air very dry. 

Natural Waters. The average annual rainfall of the United 
States is 27.6 inches (falling an average distance of 7920 feet). It 
would require a three-horse-power engine working a year on 



Fig. 56. When Witigis, king of the Goths, brought his hordes to the siege of Rome 
in 537, he dealt a deadly blow at the city by striking at the aqueducts which fur- 
nished Rome with water. 


every acre to raise this quantity of water to such a height. ^ ( t the 
sun’s heat through evaporation and air currents accomplishes 
this great task. Water is the most nearly universal solvent we 
have. Most substances are dissolved by it to at least a minute 

extent. 

Abundant, pure, cheap water makes the modern city possible. 
In Colonial days water was peddled around Philadelphia at $1 .00 
per 100 gallons while today in large cities 100 gallons ol safer 
water may be had at no inconvenience whatever lor one cent. 

Our urban population uses over 100 gallons daily per capita 
and may bring it in gigantic pipes or conduits 100 miles from the 
mountains (New York) or even 250 miles (Los Angeles). 

Purification of Water. Dangerous bacteria in drinking water 
may be killed by small amounts of chlorine or of chlorine dioxide. 
If the excess above the amount used up in reaction exceeds one 
part per million by weight, this excess is sometimes reduced by 
activated charcoal. 
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A very common method of treatment is to follow the settling of 
mud, or of precipitates deliberately produced, by sand filtration. 

The typhoid death rate in Detroit in 1911 was 24.5 per 100,000 but one year 
after chlorination of the water supply was introduced it dropped to 10.9, and 
later to 4 per 100,000. After filtration, and introduction of chlorine control tests 
every four hours to guarantee 0.1 part per million by weight of excess chlorine, 
the typhoid death rate fell to 0.2 per 100,000 (1937) — a scientific triumph. 
The United States Army requires 0.4 ppm. of excess chlorine. 

Nature’s methods of purifying river water are interesting. The 
dissolved organic material is decomposed by bacteria. Sewage is 
used up, to a great extent, by snails, beetles, mussels, worms, in- 
sect larvae, and other organisms. Oxygen and sunlight assist. 

Military purification of water supplies was a vital matter dur- 
ing World War II. Chlorination was common, and individual 
soldiers were given chloramine tablets to use on emergency 
supplies. Desalting devices for fliers to use if wrecked on the 
ocean saved many lives. 

Bad taste in city water caused by certain plant growth is 
combatted by the use of copper sulfate, two to ten pounds per 
million gallons. This prevents growth of the plants. Activated 
ultraporous carbon removes taste and odor and chlorine dioxide 
is said to remove taste and odor due to phenolic wastes. 

HYDROGEN PEROXIDE 

Hydrogen peroxide resembles ozone in its “safe and sane” 
oxidizing action on delicate materials such as silk and hair. The 
"100 volumes” solution releases 100 ml. of oxygen at 20° C. and 
760 mm. from 1 ml. 

Preparation. A convenient laboratory method of preparation 
is to drop sodium peroxide slowly into ice water: 

Na,0,. + 2 H,0 — > H jOj -f 2 NaOH 

If too much sodium peroxide is added too rapidly, the heat of 
reaction decomposes the desired hydrogen peroxide into water 
and oxygen. 

J v_» 

BaO. + II. SO, -> H .O. + BaSO , 
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The reaction above is favored commercially for the preparation 
of the medical grade of H 2 0 2 . The barium sulfate, being insol- 
uble, is filtered off from the solution. 

In recent years the commercial practice has changed. Only 
the pharmaceutical grade is made from barium peroxide. All 
other grades (much the larger part of the total) are prepared by 
electrolysis of water solutions of ammonium sulfate, or better, of 
concentrated sulfuric acid. The pcrsulfuric acid formed at the 
anode is decomposed by steam, yielding hydrogen peroxide and 

sulfuric acid: 

H 2 S 2 O s + 2 H >0 — > 2 H>SO, + H 2 0 2 

The most favored concentration for industrial use was 27.6 per 
cent while the household brand is only 3 per cent by weight. 
Now 90 per cent concentration is available lor industry. 

During World War II the Germans produced enormous quan- 
tities of 85 per cent hydrogen peroxide, a difficult achievement. 
Because of its ready release of great volumes of oxygen and its 
powerful oxidizing properly it was used with calcium perman- 
ganate, or alcohol, or Diesel oil or hydrazine (N 2 H.,) for propul- 
sion of rockets, naval torpedoes, jet propulsion planes and 
unmanned tanks. Now that an American firm has developed a 
90 per cent product (stable for several months) industry will 
benefit greatly from this war product. As a powerful oxidizing 
and bleaching agent leaving no residue it has great promise. 

Properties. Hydrogen peroxide, a colorless liquid, mixes with 
water in all proportions and is comparatively stable in such solu- 
tions. Light decomposes it, so brown bottles are the best con- 
tainers. The trace of alkali from the glass decomposes it, but a 
very little acid can counteract this tendency by reacting with the 
alkali. Usually a trace of acetanilide is used to check decom- 


position : 


2 H 2 0 2 -> 2 H .O -f 0 2 


The purer the solution the greater its stability on distillation 

in the process of concentrating it for industiy. 

Tests. Like ozone, hydrogen peroxide releases free iodine from 
hydrogen iodide. In the presence of starch this iodine develops a 
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blue color. A filter paper dipped in a solution of potassium iodide 
and starch paste (slightly acidified to release hydriodic acid) 
serves as a rough test, but because the oxygen of the air also 
releases free iodine (though slowly) from hydrogen iodide, the 
test is good only if a blue color forms almost instantly: 

H,0, + 2 HI I 2 + 2 HoO 

Solutions of hydrogen peroxide decolorize acid solutions of 
potassium permanganate, thus giving an analytical basis for the 
determination of concentration of the peroxide solution: 

5 H .O, + 2 KMnO , -f 3 H s S0 4 -*• 

5 O, + 2 MnSOj 4- 8 H.O + K,S0 4 


Peroxides. The structural formula of water is H — O — H and 
of hydrogen peroxide H — O — O — H. Evidently sodium perox- 
ide, Na,Oo, is a salt derived from the feeble acid H,0, by 
replacement of the hydrogen with sodium. (This is not done 
directly, however.) Na — O — O — Na is the structural formula for 
this oxide. When BaO, is acidified, H — O — O — H is formed, so 


O O 


must represent the structure. But MnO, when acidified 


Ba 


does not yield 11,0,. Hence its structure must be 0=Mn=0 
O O 

and not \ / . Peroxides yield hydrogen peroxide when 

Mn 

acidified and dioxides do not. MnO, and PbO, should be called 
dioxides. In the true peroxide finking, two oxygen atoms are 

directly attached to each other. 

# 

Zinc peroxide is used in cosmetics (bleaching creams) and in 
medicine as a deodorant on certain types of ulcers. 

Per-Salts. Certain salts such as the sodium or potassium car- 
bonates and borates are crystallized from cold solutions of hy- 
drogen peroxide to yield perborates, pcrcarbonatcs, etc. Zinc 
perborate has value as an antiseptic dusting powder. Often per- 
borates are used as bleaching agents, since these yield hydrogen 

• • o 

peroxide in the presence of water and are therefore very suitable. 
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Washing powders may contain perborates, sodium carbonate, 

sodium silicate, and powdered soap. 

Above 40° a water solution of sodium perborate evolves 
oxygen gas, probably resulting from decomposition of the 
hydrogen peroxide first formed. 


Exercises 


2. How was deuterium discovered? Isolated? 

3. If a crystal of a given hydrate docs not lose water in the open air at 20°, 
how could you force it to effloresce? 

4. Would all hydrates effloresce in a vacuum? 

5. Lead dioxide, Pb0 2) does not yield HjO* when treated with an acid 
(H2SO4, for example). What, therefore, must be the structural formula of 
this oxide of tctravalent lead? 

6. What is meant by the heat of fusion of ice? By the heat of vaporization of 
water? 


7. How much chlorine per million gallons is used in water purification? 

8. Glauber’s salt is a hydrate of sodium sulfate. If 12 g. of Glauber’s salt, 
when heated, lose 6.72 g. of water, what is the formula of the hydrate? 

9. If 90 ml. of hydrogen and 58 ml. of oxygen are exploded in a closed tube, 
which gas remains? How much? 

10. Dicthylcnc glycol is used to dry natural gas before treatment with refrigera- 
tion and compression to obtain high-test gasoline. Why the preliminary 

drying? 

11. How is a gas dried by solid KOH? By solid anhydrous CaCI,.? By concen- 
trated H-SO4? By ultraporous AI 2 0 3 or Si0 2 ? By anhydrous CuSO«? 

12. One milliliter of lead weighs 11.34 grams, therefore its specific gravity 
is 11.34. As an extreme instance one cubic inch of the companion star to 
Sirius weighs three tons. Its density? Its specific gravity? 
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Chapter 12 carbon and its 

oxides 


CARBON 

Nearly 500,000 compounds of carbon are known (though not by 
any one man). All other compounds of the other elements make 
up only a small fraction of this impressive number, perhaps 
25,000. Carbon chemistry was named Organic Chemistry 
because it was once thought that only organized living matter 
could produce carbon compounds. In other words, only plants 
and animals qualified as synthetic carbon chemists. But since 
1828 a very great number of these compounds have been made 
in the laboratory. 

The importance of carbon and its compounds is evident as we 
learn that they make up our fuels (whether coal, wood, oil, or 
gas) ; our lubricants; our foods; our clothing; and that they make 
possible the change from iron to steel. Drugs, dyes, explosives, 
auto finishes, pencils, picture film, printer’s ink — these and a 
host of other necessities are based upon carbon and its com- 
pounds. 

Carbon is tetravalent as shown by the compounds CH 4 , CC1 4 , 
and CO», and it is a non-metal as indicated by the acid (H 2 C0 3 ) 
formed when its oxide (C0 2 ) is dissolved in water. It resembles 
silicon, tin, and lead (of the same group in the Periodic System) 
in some respects, although it is not metallic like tin and lead. 

The element occurs in nature in two crystalline forms: the 
diamond and graphite. It is readily prepared from its compounds 
in such amorphous forms as coke, lampblack, charcoal, bone- 
black. and carbon black. 
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The Diamond. The diamond, a pure form of carbon crystal- 
lizing in the regular system, has a density, 3.5 g. per ml., which is 
greater than that of graphite and the other forms. It is the hardest 
substance known and hence scratches all other substances. Faulty 
specimens are used for the cutting edge of rock drills or to make 
cutting wheels for the machine shop. Brazil and South Africa are 
our chief sources of industrial diamonds. Their value to industry 


is great. 

The largest diamond ever found, the Cullinan, weighed 3024 
carats before it was cut into several smaller but better gems. Since 
the carat (metric) now equals exactly 0.2 g., this means a crystal 
of 605 g., or 1.37 pounds. The magnificent Regent diamond, for 

years seen at the Louvre, weighs 1 36 carats. 

Cost gives the diamond much of its charm, but it has a real 
beauty when skillfully cut. This is due largely to its high index of 
refraction. Rays of light are reflected from the interior surfaces 
of the facets several times before emerging, hence the flashing 

play of lig 


Fig. 57. The crystal lattice of graphite. 




Graphite. Graphite is a crystalline form of carbon differing 
noticeably from diamond. It is black, soft, and lighter than the 
diamond, having a density of only 2.26. Chemically it is quite 
inactive, yet it is possible to burn it at very high temperatures. 
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In graphite there is a hexagonal array of carbon atoms in flat planes, but 
between planes the distance is two or three times that between atoms in the 
hexagonal ring. When your lead pencil leaves a mark on paper, the pressure 
exerted forces slippage of one plane along its neighbors. 


When any form of carbon is heated in the electric furnace, it 
turns into graphite; in fact carbon volatilizes at 3810° K. and on 
cooling condenses as graphite. This is the basis of Acheson’s 
method of making artificial graphite at Niagara Falls. We import 
much natural graphite from Ceylon, Madagascar, and Mexico 
for use in dry batteries, foundry facings, pencils, etc. 

The development of carbon and graphite electrodes has made 
possible the modern electric furnace and electrolytic cell. 

Amorphous Carbon. There are several forms of impure amor- 
phous carbon, such as coke, charcoal, and soot, but none of these 
occur in nature. 

Coke. When bituminous coal is heated in retorts without 
access to air, many useful, volatile products escape and are re- 
covered. These include ammonia, illuminating gas, and coal tar, 
from the last of which benzene, toluene, phenol (carbolic acid), 
creosote, naphthalene, and many derivatives of great value are 
secured. Coke is left behind in the retort. It is used to the extent 
of 60,000,000 tons yearly in making pig iron from iron ore, in 
melting metals for foundries, as a domestic fuel, and in the man- 
ufacture of some carbon compounds. 

Coke burns with almost no flame and no smoke. It is impure 
carbon since the mineral content of the coal is still in the coke. 

Coal. The forests of previous ages were buried under deep 
layers of earth and so subjected to great heat and pressure. This 
caused a loss of much volatile material and left coal. Lignite, or 
brown coal, represents an early stage in nature’s coal making, and 
contains 30 50 per cent water; hence lignite has only moderate 
fuel value. Enormous deposits arc found in North Dakota and 
other Western states. Bituminous or “soft" coal represents a more 


advanced stage of coal making in the earth. It yields much com- 
bustible volatile matter when distilled and burns with a smoky 
(kune. Anthracite or “hard" coal is almost the final product in 
coal making. Since nearly all volatile matter has been driven off 
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in the depths of the earth, the anthracite is hard, yields but little 
volatile matter on destructive distillation, and burns with no 
smoke and but little flame. The greatest anthracite deposit in 

the world is found in eastern Pennsylvania. 

The United States is particularly fortunate in its wealth of coal. 
The world produces about 1,200,000,000 tons annually, and of 
this over one-half is mined in this country. 

Recent research makes possible a smokeless fuel by heating soft coal in a 
retort for only three minutes at 500°. While still hot enough to be plastic the 
product is extruded in rods. The by-product gases of coking may be recovered. 


Charcoal. Wood charcoal was once used in metallurgy in place 
of the coke of modern times and it is still in some demand for 
razor-steel manufacture. Cheap black gunpowder requires it. 
Just as coke is the non-volatile product of coal distillation, so is 
charcoal the residue remaining when wood is destructively dis- 
tilled. By modern methods all the volatile products are condensed 
and used in many important industries. Among these products 

are wood alcohol, acetone, and acetic acid. 

Carbon Black. When a smoky natural gas flame is chilled, 

the incandescent carbon of the yellow flame deposits as a form 
of soot called carbon black. Only 5 per cent of the carbon m 
natural gas is recovered as ordinary carbon black, but the yie 
of the newer “furnace black” (which can be used in synthetic 
rubber) is 25 per cent. An inferior carbon called lampblack is 
prepared by chilling the smoky flame from tars and oils. 

Carbon black is essential to the manufacture of printer s ink 
and some rubber goods. This black was first used as a filler and 
strengthener of auto tires about 1912 and then only because of a 
shortage of zinc oxide. Carbon black doubles the tensile strength 
of rubber tires and quadruples the abrasion resistance In a set 
of tires for a small car there are 12.5 pounds of carbon black and 

four or five times as much in the larger tires. , 

Acetylene black, a recent commercial product, made by the 
heat splitting of acetylene, C,H„ makes rubber electrically 
conducting, a desirable property for tires, rubber belts, etc. It 
is by far the best carbon for dry cells. 
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One ton of natural rubber (exclusive of filler and fabric) re- 
quires 460 pounds of carbon black, if tires are to be made. One 
ton of the most common synthetic rubber requires 950 pounds 
of carbon black. 

Carbon blacks are also used in the manufacture of paints, stove 
polish, phonograph records, carbon paper, crayons, black leather 
and other articles, but rubber uses 95 per cent of the total supply 
of such carbons. Over 400,000,000,000 cubic feet of natural gas 
are burned annually in the United States to make about 
1,000,000,000 pounds of carbon black. Common black smoke is 
not pure carbon by any means. Nor is it an asset to a city. A 
year’s soot fall on a square mile of London weighs 260 tons. 

Chemical Properties. Carbon is inactive except when hot. At 
higher temperatures it unites readily with oxygen to form carbon 
monoxide and carbon dioxide. It is our most important commer- 
cial reducing agent because when hot it removes oxygen from 
metallic oxides. This is one of the minor reactions taking place in 
the blast furnace: 

Fc 2 0 3 -f 3 C — > 2 Fc -f 3 CO 

With relatively little coke and excess air the dioxide is formed, 
but with an excess of coke the carbon monoxide predominates. 

Carbon unites with hydrogen to a very limited extent in the 
electric arc to form acetylene, C 2 H 2 , and, by the catalytic aid of 
nickel powder at 250° C., to form methane, CH 4 . 


Exercise 

1. How could you prepare carbon from methane? 

The Carbides. A carbide is a simple compound of carbon with 
one other element. A carbide of iron, Fc 3 C, is found in steel and 
has great influence on the properties of the steel. Calcium carbide, 
( aC. 2 . is the product of electric-furnace heating of lime and coke 
(cheap raw materials), and reacts with water to form acetylene, 

('•jH •*. 

CaO + 3 G -> CaCo + CO 
CaC,. 4- 2 H .O -> CTT + Ca(OH) 2 


CARBON DISULFIDE 133 

A carbide of silicon, sold by one firm as carborundum, SiC, one of 
the most useful abrasives known, is likewise prepared in an elec- 
tric furnace but from a mixture of coke and sand : 

Si0 2 + 3 C — > SiC + 2 CO 

Tungsten carbide (“carboloy”) and tantalum carbide are also 
used because of their extreme hardness. Boron carbide, B 4 C, is 
hard enough for use as the nozzle of sandblast apparatus. 



Fig. 58. Silicon-carbide furnace. 


Synthetic abrasives to the amount of 8,000,000 tons or more 
are annually required by the machine shops of this country for 

grinding, cutting, and polishing. 

Carbon disulfide, a heavy, volatile, and highly flammable 
liquid of valuable solvent properties, is easily made in an electric 
furnace (with exclusion of air, of course) from charcoal and 

sulfur: 

C + 2 S -> CS 2 

One pound is needed in the manufacture of three pounds of vis- 
cose rayon. Our annual production is 165,000,000 pounds. 

A new process of preparing carbon disulfide was discovered in 
1944. Methane, of natural gas and suliur vapor react at 700 C. 
in presence of a catalyst as follows: 

2 CH , + 2 S 2 -> 2 CS 2 + 4 H 2 

Only wood charcoal is suitable for the manufacture of carbon 
disulfide. Recently it was found that salts of sodium catalyzed the 
carbonization of wood to make the charcoal 30 per cent more 
reactive with sulfur. Two other sulfides of carbon are known 

but they arc not important. 
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Carbon tetrachloride, a colorless liquid and a valuable but 
non-flammable commercial solvent, is made by passing dry 
chlorine into carbon disulfide in the presence of a little iodine as 
catalyst : 

CS 2 + 3 Cl 2 -> S 2 CIo + CC1 4 

We use 200,000,000 pounds yearly in fire extinguishers and as a 
grease solvent. 

OXIDES OF CARBON 

Carbon Dioxide, CO>. Carbon dioxide occurs in the air to 
the extent of 3 or 4 parts in 10,000 and issues from the earth in 
certain crevices and from some oil wells. One gas well in Utah 
produced carbon dioxide which was 98 per cent pure. 

The sea is a tremendous reservoir of carbon dioxide, holding 
thirty times the amount present in the atmosphere. As much 
more is locked up in the carbonates of the earth’s crust. 

Preparation. 1. The simplest method of preparing carbon di- 
oxide is by direct union of carbon and sufficient oxygen. The 
carbon must be burned with an excess of oxygen or part of the 
dioxide may be reduced to carbon monoxide by the hot carbon: 

C -f- 0 2 -> co 2 

C0 2 + C -> 2 CO 
or 2 C + 0 2 (insufficient) — » 2 CO 

But it is not necessary to burn pure carbon. Many carbon com- 
pounds, such as coal, wood, paper, and oils, may be burned with 
formation of the dioxide and other gases. 

2. Balance the equations: 

Hot CH 4 +- 0 : — * ? 

Hot C 2 H s OH 4- 0 2 — ? 

t he first represents the burning of natural gas and the second the burning 
<>l alcohol. 

2. High heating of some carbonates (but not of the carbonates 
ot sodium and potassium) yields carbon dioxide. The manufac- 
tmr of quicklime from limestone in the limekiln depends upon 
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this reaction. In a closed tube this reaction is reversible, but it 
goes to completion if the gas is removed : 

CaC0 3 -> CaO + C0 2 


3. The usual laboratory method is the treatment of carbonates, 
such as limestone or marble, with a dilute acid: 

CaCOs + 2 HC1 — CaCl 2 + H 2 C0 3 
H 2 C0 3 -> H,0 -f CO 2 


The carbonic acid first formed is very unstable, and decom- 
poses with the escape of carbon dioxide. 

4. The fermentation of sugar solutions to form alcohol yields 

carbon dioxide as one product. 

Physical Properties. Carbon dioxide is a colorless, odorless 
gas, one-half heavier than air. At 15° C. water dissolves its own 
volume of the gas. The soda water 
of fountains contains much more 
in solution under about 10 atmos- 
pheres pressure. The solution has 
a slightly sharp, pungent taste. 

The gas is sold commercially in 
thick steel cylinders under 60 at- 
mospheres pressure. Most of it is 
liquid. The liquid, allowed to es- 
cape from the inverted cylinder 
(Fig. 59), vaporizes so rapidly that 
it is quickly cooled to —79° C., at 
which temperature one-half of it 
freezes to a snowlike solid. This 
may be caught in a cloth bag. Such carbon dioxide snow, "dry 
ice,” is now sold commercially in compressed blocks (to the 
extent of 700,000 tons yearly). 



Fig. 59. Making carbon dioxide 
snow by expansion of the gas 
through a canvas bag. 


Some very spectacular experiments may be performed with this snow. 
Rapid evaporation of a mixture of carbon dioxide snow and ether makes it a 
simple matter, by use of this mixture, to freeze mercury ( — 40° C.). If the 
mercury is placed in a small pasteboard box and a stick of wood held in it, 
a hammer is formed with a head of solid mercury. The pasteboard box is 
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readily torn off and nails may be driven into a board with the hammer. A 
rubber ball thus chilled breaks to pieces when thrown against a brick wall. 
A frozen flower is extremely britde and a frozen rubber tube may be snapped 
in two like a clay pipestem. 

Dry ice has been used to shrink steel castings for fitting to their jackets. 
Most of it, however, is used in preserving ice cream. 


Chemical Properties. Magnesium burns in the dioxide, leav- 
ing black carbon. Carbon above 1000° (almost white heat) 

readily reduces carbon dioxide 
to the monoxide: 

C0 2 + C — > 2 CO 

In a furnace with a deep bed 
of brightly glowing coals the 
carbon dioxide formed at the 
bottom of the layer is reduced 
to the monoxide by the upper 
layers of incandescent coal. 
I he monoxide then burns at 
the surface with a blue flame. 

With metallic oxides carbon 
dioxide unites to form carbon- 
ates — a reaction readily re- 
versed at high temperatures: 

Fig. 60. Chemical reactions in a CaO + CO 2 <=* CaC0 3 

common furnace. 

Quicklime exposed to the 
air not only takes up moisture, becoming “air slaked,” but 

slowly reverts, as indicated by the equation, to calcium car- 
bonate : 



Ca(OH) 2 + C0 2 -> CaC0 3 + H 2 0 

Oxygen used lor resuscitation of drowning persons is more 
effective ii mixed with 5 per cent of carbon dioxide, which seems 
to stimulate the muscles used in breathing. 

Carbonic Acid, H 2 C0 3 . Since a water solution of carbon di- 
oxide is weakly acid, there must be a reaction between water and 
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carbon dioxide to form an acid, carbonic acid. On boiling, all the 
carbon dioxide is removed, so the reaction is evidently reversible: 

H>0 + C0 2 <=* H 2 C0 3 


The water solution has a pleasantly sharp taste, hence its use as 
plain soda water. One might realize that the acid is weak by 
reflecting that the moisture and carbon dioxide of the lungs cer- 
tainly do not injure the tissues of the lungs as would be the case if 

carbonic acid were a strong acid. 

What would happen if you bubbled pure air through a solution 

of carbon dioxide? Why? 

Carbonates and Bicarbonates. Passage of carbon dioxide into 
a solution of a base yields carbonates or bicarbonates, depending 
on the relative amounts of carbon dioxide used. The carbonic 
acid formed simply is neutralized by the base. 


(1) 2 NaOH + HsCO. — 2 H .O + Na 2 C0 3 

(2) Na 2 C0 3 + H,C0 3 -> 2 NaHCOs 


Reaction (1) becomes (2) when an excess of carbon dioxide is 
bubbled through the solution. 

An excess of carbon dioxide in soil waters dissolves limestone by 
formation of the soluble calcium bicarbonate (CaC0 3 + H 2 CG 3 
— > Ca(HC0 3 ) 2 ). The water then becomes “hard." 

All carbonates are insoluble except those of the sodium group. 
Thus an easy way to precipitate the insoluble ones is to add any 
soluble carbonate to a solution of any salt of the desired metal. 


BaCl 2 + Na,C0 3 BaCOa + 2 NaCl 


When heated all bicarbonatcs arc decomposed into carbonates, 
water, and carbon dioxide: 

2 NaHCOs — > Na 2 C0 3 + H 2 0 + C0 2 


Sodium bicarbonate (NaHC0 3 ) is common baking soda. 

Dimethyl carbonate, (CH 3 ) 2 C0 3 , is a new solvent for plastics 

and resins. 

Uses of Carbon Dioxide. The Solvay process (Chapter 36) of 
making sodium carbonate and sodium bicarbonate requires 
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500,000 tons of carbon dioxide annually. Since this industry also 
uses lime, it is the best economy to burn limestone in a limekiln 
and thus secure both carbon dioxide and calcium oxide. There is 
no need to liquefy the gas for this industry. 

Carbon dioxide foams are useful in suppressing fires. In one 
type of extinguisher two solutions are mixed upon inversion of the 
apparatus. Carbon dioxide formed exerts the pressure needed to 
expel the contents as a foam consisting of minute, tough bubbles 
of carbon dioxide which blankets the fire. 

Carbon Monoxide, CO. This colorless, poisonous, almost 
odorless gas is formed by burning carbon with an insufficient 
supply of air or by passing carbon dioxide over very hot carbon: 

2 C + 0 2 -» 2 CO 
CO > + C -> 2 CO 

Great care must be used when carbon monoxide is present. 
Leaky domestic furnaces, and motors warming up in closed 
garages, offer the greatest hazards, for the gas is odorless as well 
as poisonous. Auto exhaust contains about 7 per cent. 

A concentration of 0.02 per cent may cause headache in a few 
hours ; 0.06 per cent will cause it in less than one hour, and will 
bring unconsciousness in two hours. Nausea may occur. 

The poisonous action of carbon monoxide depends on the fact that it has a 
much urea ter affinity for the hemoglobin of the blood than has oxygen — 
hemoglobin attracts carbon monoxide about 200 times as strongly as it does 
oxygen. 


( arbon monoxide is a good reducing agent, 
0 metallic oxides: 


and extracts 


' 1 ) 
( 2 ) 


CuO + CO 
FeoC ), + 3 CO 


Cu -f- co 2 

2 Fe + 3 COo 


( ’arbon 
rial. From 
cyanides, 
bonvls. 


monoxide is really an important chemical raw mate- 
it .lie made methyl alcohol (methanol), phosgene, 
°i ganic a*-' ids, aldehydes, ketones, and metal car- 
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Iron carbonyl, Fe(CO) 5 , is an excellent antiknock agent in 
gasoline but the iron oxide deposit may damage the engine. Like 
tetraethyl lead, the present antiknock agent, it is very poisonous. 
The formation of volatile nickel carbonyl is important in the 

metallurgy of nickel ores. 

The Cycle of Carbon in Nature. Nearly all the vast amount 
of carbon dioxide thrown into the atmosphere by processes of 




Carbon Dioxide Measured Here by the 
Position of This Spot of Light Serving 
as an Index on a Graduated Scale 

tWmr iifc i » « in i **» I ii i * i» 1 1 1*71 

3 Foot Scale 

Fig. 61. Carbon dioxide can absorb, or block .he passage of, a .beam ofHght of a 

certain wave length selected as shown here. So sensmve " ''''’^''‘'"i' ch whea" 
30 seconds the robbing of the atmosphere of carbon dtox de by _ a 6- nch _wheat 

seedling is indicated by movement of the beam of l.ght reflcct ^ d ^rmocouple 
ometer mirror. Change in radiation energy sets up a current tn the thermocoup 

(Courtesy E. D. McAlister and Country Gentleman.) 


combustion, of decay, fermentation, and animal respiration s 
taken up by plants as a valuable food. In the sunlight chlorophyll, 
the green coloring matter of leaves, is formed and this catalyzes 
the following endothermic reaction: 

6 C0 2 + 5 H >0 — » C 6 Hj„0 5 + 6 0 2 

The CcHjoO, represents cellulose of wood, etc. 
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Exercises 

3. What is the difference between silicon carbide and calcium carbide? 

4. Distinguish between carbon black and lampblack. Which is the better 
and why? 

5. What volume of oxygen would be required to burn 80 liters of carbon 
monoxide? What volume of carbon dioxide would be formed? 

6. Suppose you wished to prepare 50 liters of CO 2 by the action of hydro- 
chloric acid on marble. What weight of hydrogen chloride and marble 
would be required? 

7. A compound has the following composition: carbon 26.5 per cent, hydro- 
gen 2.2 per cent, oxygen 71.2 per cent. What is the compound? 

8. What volume of acetylene at 20° and 740 mm. is obtained by the action 
of water on 16 g. of calcium carbide? 

9. How many grams of carbon dioxide result upon heating adequately seven 
kilograms of pure marble (calcium carbonate, CaC0 3 )? 

10. One liter of carbon dioxide at one atmosphere pressure weighs 1.97701 g. 
Calculate the molecular weight. 

1 1. How many milliliters of carbon dioxide (standard conditions) will be 
released by heating 400 g. of sodium bicarbonate? 

12. Suggest methods of reducing smoke in our cities. 
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Chapter molecular and 

ATOMIC WEIGHTS 


Dalton, Gay-Lussac, Avogadro. In 1805, just after the publica- 
tion of Dalton’s atomic hypothesis, Gay-Lussac found by labora- 
tory experiment that in any chemical reaction the volumes of all 
gases concerned stand to each other in the ratios of small whole 
numbers. Avogadro in 1811 sought to explain this and other 
facts by his famous hypothesis that equal volumes of all gases, 
under the same conditions of temperature and pressure, contain 

the same number of molecules. 

Development of Exact Weights. From the above it is evident 
that if we weigh equal volumes of gases under like conditions, we 
get weights that are in the same ratios as the weights of single 
molecules. In other words, we can get the relative molecu ar 
weights of all gases. (Solids and liquids must be handled dif- 
ferently.) 

After attempts to use an exact weight of li l” for the oxygen 
molecule it was finally decided to compare all other molecules to 
a weight of 32 for the oxygen molecule. This (by comparing 
weights of equal volumes) gave 2.016 as the weight ol the hydro- 
gen molecule. 

Gav-Lussac, early in the last century, had observed that one 
volume of hydrogen unites with one volume ol chlorine to form 
two volumes of hydrogen chloride. But by Avogadro s theory 
the two volumes of hydrogen chloride contain twice as many 
molecules as the one volume of hydrogen. Now tvay molecule of 
hydrogen chloride contains some hydrogen. I here is only one way 
for a given number of hydrogen molecules to be represented in 
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twice that number of hydrogen chloride molecules. Each hydro- 
gen molecule splits into two parts and each half-molecule is found 
in each molecule of hydrogen chloride. In other words there must 
be two atoms of hydrogen in a molecule of hydrogen. 
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Hydrogen Chlorine Hydrogen Chloride Hydrogen Chloride 

Fig. 62. One volume of hydrogen reacts with one volume of chlorine to form two 

volumes of hydrogen chloride. 

This is probably but not necessarily true from the reasoning 
above. If the hydrogen molecule were H 4 or H 6 , etc., it could be 
split into two parts in reaction. 

Gay-Lussac also observed that one volume of oxygen unites with two volumes 
of hydrogen to form two volumes of water vapor. By logic similar to that used 
above he deduced (as you may also) that there must be two atoms in one 
molecule of oxygen, the formula of which is then set as Oj. 

H, H t O a H 2 0 H s O 

oo + oo + -*■ ooo + oeo 

Fig. 63. Two molecules of hydrogen unite with one molecule of oxygen to form 

two molecules of water. 

Cannizzaro’s Suggestions. Avogadro’s useful theory was not 
taken seriously until long after his time. Scientists were sadly con- 
fused as to the distinction between atomic weights and molecular 
weights. Then in 1858 Cannizzaro, another Italian, offered a few 
suggestions that cleared away the confusion. He insisted that 
molecules of elements were made up of atoms of the same kind 
and that molecules of compounds were made up of atoms of dif- 
ferent kinds. To develop a system of exact atomic weights he 
suggested that: 

1. The molecular weights of all the volatile compounds of the ele- 
ment studied should be determined. 

2. These compounds should all be analyzed and the part of each 
molecular weight due to the particular element determined. 
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CANNIZZARO’S SUGGESTIONS 

3. The smallest weight of the element found in any of the molecular 
weights of its compounds should be selected as the atomic weight. 

If the complete table of molecular weights of many thousand 
oxygen compounds were listed in this way, you would note that 
the smallest part of any molecule due to oxygen is 16. Is it not 
practically certain that out of thousands of chances nature would 
put just one atom of oxygen in some molecules? If so, does not 
the smallest amount of oxygen (16) in any molecule represent the 
weight of one atom? Therefore should not the atomic weight of 
oxygen be 16? Gay-Lussac arrived at the same conclusion by a 
rather limited method (already given). By Cannizzaro s logic the 
atomic weight of chlorine could be deduced from a study oi many 
chlorine compounds. So also for any other element. 

LIMITED PORTION OF A TABLE FROM WHICH ATOMIC 

WEIGHTS COULD BE SELECTED 


WEIGHTS OF ELEMENTS IN MOI ECULAR WEIGHTS 

OF COMPOUNDS 
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Water 

Hydrogen chloride 

Methane 

Acetylene 

Ethylene 

Benzene 

Carbon tetrachloride 
Carbon dioxide 
Phosphorus pentoxide 
Ammonia 

Phosphorus trichloride 

Alcohol 

Ether 

Nitrogen trioxide 
Nitric acid 


18.016 

2.016 


36.468 

1.008 

35.46 

16.032 

4.032 


26.04 

2.016 


28 . OS 

4.032 


78.11 

6.048 


153.84 


141.84 

44.01 

141.96 

17.03 

3.024 


137.35 


106.38 

46.07 

6.048 


74.12 

10.08 


76.02 

63.02 

1.008 



16 

12 
24 
24 
72 
12 
32 12 


80 


61.96 





14.008 



30.98 


16 

24 



16 

48 



48 



28.016 

48 



14.008 


This table allows you to deduce 


the atomic weights of H, O, C, Cl, P, and N 
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Let us deduce the formula of water. Analysis would show that 
about §■ of any quantity of water taken, or of one drop, or of the 
smallest particle with all the properties of water (the molecule), 
is oxygen. This fraction of 18.016 = 16. Since the weight of 
one atom of oxygen = 16 (as just shown), there must be only one 
atom of oxygen in the molecule of water. The part of the molecu- 
lar weight, 18.016, due to hydrogen is, of course, 2.016 or the 
weight of two atoms, and the formula must be H »0. Of course 
molecular weights are expressed in atomic weight units. 


Exercise 

I. With the logic used in connection with the selection of the atomic weight of 
oxygen and the development of H-.-O as the correct formula for water, 
proceed to select from the table above the atomic weights of the six elements 
used and calculate the formulas of the compounds named in the table. 
Hand in a copy of your completed table. 

I here is not space here for a table of all the compounds of these elements. 


The Molar Volume. Since we have decided on 32 as the 
molecular weight of oxygen, it might be useful to know what 
volume the formula weight of 32 g. would occupy. One liter of 

32 

oxygen at 0° C. and 760 mm. weighs 1.429 g., so j~429 = ^2*4, 


the number ol liters occupied by 32 g. of oxygen. We can, for 
convenience, imagine a box holding exactly 22.4 liters (Fig. 64). 

1 his is nearly one cubic foot. If it is filled 




64. Molar volume 

of ISC’S. 


with oxygen or any other gas under stand- 
ard conditions, the weight of the contents 
in grams must be the formula weight of that 
gas. since that is true for oxygen. By Avo- 
gadro’s Law this box must hold the same 
number ol molecules of any gas, so the 
weights vary as the weights of single mole- 


cules. Flic contents of the box filled with 
hydrogen weigh 2.016 g.. therefore the molecular weight of 
hydrogen is 2.016. The molar volume of methane, CH Ay weighs 
16.04 g., so rhe molecular weight is 16.04. 
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The volume occupied by one gram molecular weight of any gas at 
0° C. and 760 mm. pressure is 22.4 liters. 

In actual practice we should find it awkward to weigh 22.4 
liters. We should simply weigh (get the density of) any convenient 
volume, perhaps 200 ml., and calculate the weight of 22.4 liters, 

as measured at 0° and 760 mm. 

There are 6.03 X 10 23 molecules of any gas (standard condi- 
tions) in 22.4 liters. This is Avogadro’s Number. Since there are 
6.03 X 10 23 molecules in 44 g. of C0 2 , carbon dioxide, the 
actual weight of one molecule is apparent. 

note : The weight of one liter of any gas in grams can be calculated in a moment 
by dividing its molecular weight by 22.4. For example, 22.4 1. of oxygen (G. M. \ .) 

32 

weigh 32 g. Therefore 1 liter weighs = 1.429 g. 

2. What is the molecular weight of a gas 500 ml. of which weigh 0.235 g. 
under standard conditions? 

3. A bulb of 300 ml. volume was filled with vapor from an easily volatilized 
liquid at 45°. The barometer read 740 mm. What was the molecular weight 
of the substance if the gas weighed 2.25 g.? 

4. Calculate the weight of 1 liter of nitrogen (N 2 ) ; of 300 ml. of chlorine 
(Cl 2 ); of 1500 ml. of ammonia (NH 3 ). 

The molecules of most, but not all, elementary gases are dia- 
tomic. For example, a molecule of chlorine is Cl 2 and ol nitrogen 
N 2 . Yet mercury vapor is monatomic and its molecular formula is 
Hg. Zn is the molecular formula for zinc vapor. The rare gases, 
such as helium, neon, and argon, arc monatomic. Temperature 
affects some molecular structures to a marked degree. At 448° I 2 
is the correct formula of iodine vapor, but at 1700° iodine must 
be written I. At 193° sulfur vapors arc represented by S 8 , but at 
1719° by S 2 . At 193° the G. M. V. (22.4 liters) of sulfur vapor 
(corrected to 0° and 760 mm.) weighs 256 g. This means that the 
molecular weight at that temperature is 256. Since one sulfur 
atom weighs 32, there must be eight atoms in the molecule. 

The use of molecular formulas may seem puzzling at first, but it soon becomes 
a real convenience. The following example will show this: when limestone is 
heated to white heat in the kiln it forms quicklime and carbon dioxide: 

CaCO, — CaO + C0 2 
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How many liters of carbon dioxide can be liberated from 25 g. of limestone? 
The answer is found at once. The formula CaC0 3 represents a definite quan- 
tity, the gram-molecular weight (one “mole”) or 100 g. So does COs represent 
one mole. But the molecular weight in grams of any gas occupies 22.4 liters. 
(Sec Molar Volume.) Now if 22.4 liters of carbon dioxide are released from 

100 g. of limestone, 1 g. will release liters and 25 g. will release - — n0 '~~ » 


or 5.6 liters. 

CaC0 3 — C.aO + CO-, 

100 g. — * 56 g. + 44 g. (or 22.4 1.) 


The following calculation indicates application of this principle 
for atomic weight determination. 

At 1 at. pressure 1 liter C0 2 weighs 1.9769 g. 

At 0.5 at. pressure 2 liters C0 2 weigh 1.97014 g. 

Carrying this idea of diminishing pressure farther (by extra- 
polation) we might approach the condition of an ‘‘ideal gas'’ in 
which the molecules are so far apart that intcrmolecular attrac- 
tions and the volume-fraction occupied by the molecules them- 
selves would be negligible. 

On this basis 

1 liter C0 2 should weigh 1.96327 g. and the G. M. V. of 
22.414 liters should weigh 44.0047 g. The true molecular weight, 
obviously, is 44.0047 g. 

Since the standard molecular weight of oxygen, 0 2 , is 32 (and 
the atomic weight is 16) it is clear that 


Mol. wt. of COo = 44.0047 
Wt. of 2 atoms of O = 32.000 

Wt. of 1 atom of C = 12.0047 


Chemical Methods of Determining Atomic Weights. Devia- 
tions from the gas laws (p. 71) make Avogadro’s Law only a 
very good approximation. But equivalent weights (combining 
weights) may be determined with marvelous accuracy, as shown 
by the brilliant atomic weight determinations of the American 
chemist, T. W . Richards. 

With the molecular weights of some compounds of a given 
element, correct analyses of those compounds, and the exact 
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equivalent weight of the element, it is not difficult to determine 
the exact atomic weight desired by use of the following law. 

Law of Dulong and Petit. In 1818 Dulong and Petit observed 
that the product of the atomic weight of an element by its specific 
heat is equal to about 6.4 calories. (The specific heat of a sub- 
stance is the number of calories required to raise the temperature 
of one gram 1° C. The specific heat of water is almost the highest 
of all, 1.0, while that of copper is 0.1.) The law does not hold 
accurately, but it is sufficient to settle many disputes, and invalu- 
able in determining the atomic weight of an element which has 
no volatile compound. Use of this law in determining the atomic 

weight of silver is given below. 


A1 

Cu 

Pb 

Ni 


0.217 

0.093 

0.031 

0.109 


SPECIFIC HEATS 

Pt = 0.032 
Ag = 0.056 


Fe = 0.113 
Zn = 0.092 


B 

C 

Si 

s 


0.2518 

0.12 

0.17 

0.17 


sp. heat X at. wt. 
Al, 0.217 X 27 
Cu, 0.093 X 63.6 
Ag, 0.056 X 107.88 


atomic heat 
5.86 
5.91 
6.04 


Equal numbers of atoms absorb equal amounts of heat, when 
raised 1° in temperature, so 1 g. of a heavier element with fewer 
atoms per gram must have a smaller heat capacity than 1 g. 

3 Analysis'oTsUver oxide (93.1 per cent silver and 6.9 per cent 
oxygen) indicates that 215.76 g. of silver combine with 16 of 
oxygen or 107.88 g. with 8 g. Hence the combining weight of 
silver must be 107.88 g„ accurately determined. As we have 
learned before, the atomic weight is cither the same as the com- 

between such possible atomic weights as 107.88, 2 X 107.88, 
3 X 107.88, etc Dulong and Petit’s Law, approx, .nation though 

it is, makes the choice for us: 

Atomic weight of silver X 0.0558 = 6.04 

Atomic weight = 1 10 , approximately 
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Obviously this indicates as atomic weight the value, 107.88 
(the combining weight), rather than 215.76, etc. 

Physical Methods of Determining Atomic Weights. Mass- 
spectrograph methods are so accurate that atomic weights are 
determined with an error of less than one part in 10,000. 

In Fig. 65 is represented a vacuum tube with anode, and 
cathode perforated in the center. When a trace of some gas is 
admitted while a high potential electrical discharge takes place 
the high-speed electrons from the cathode knock electrons out of 
the gas molecules, thus forming positively charged gas ions. 

Cathode Charged r^p hotographic 

Plates Plate 


To Vacuum Pump 
Fig. 65. Positive ray analysis. 

Under the electrical stress these positive gas ions are driven 
toward the (negative) cathode, through the small center hole, 
and on to the photographic plate, where they produce an effect 
similar to that produced by light. Under the influence of a 
powerful electrical field and magnetic field NS these positive rays 
are bent out of their straight-line course according to the charge 
(readily calculated), speed, and mass. A selective velocity screen 
rejects all but a narrow band of velocities. Gaseous ions of equal 
mass are focused on the same line on the photographic plate, 
those of other masses on parallel lines. Hence it is possible to 
calculate, irom the positions of these lines or bands, the relative 
masses of atoms. 


Exercises 

5. You have just discovered a new element, in fact found a 120-gram fragment 
of it in a mine. In an effort to determine its specific heat you heated the 
120 grams to 100° (in a water hath) and quickly immersed the hot element 
in 500 grams of water at 20°. I he beaker was well insulated, of course. The 
500 "rams of water rose in temperature to 22° C. 

Calculate the specific heat and also the approximate atomic weight. 



METHODS OF DETERMINING ATOMIC WEIGHTS 149 

6. When 22.4 liters of water vapor (estimated under standard conditions) 
condense, how many milliliters of liquid water are formed? 

7. Suppose you are so fortunate as to discover a new metal in the heart of a 
rock. It turns out to be moderately active chemically. How would you 
determine its atomic weight? 

8. Could you calculate molecular weights (with H 2 as a standard of com- 
parison) of NH 3 , HCI, and other gases by the time required for one liter 
of each gas to diffuse at constant pressure and temperature through a small 
hole, say 0.015 of an inch in diameter? 

9. Docs the molar volume of water (weighing 18 g.) refer to liquid or gaseous 
water? The molar volume is nearly one cubic foot. 

10. If 1 liter of nitrogen at 0° C. and 760 mm. weighs 1.251 g., what must be 
the molecular weight? 

11. Find the molecular weight of a gas, of which 500 ml. at 18° and 7r>2 mm. 
weigh 2.5 g. 

12. The density of a gas is 2.2 as compared with air = 1 . What is its molecular 


weight? 

13. What will be the volume occupied by 1 2 g. of carbon tetrachloride (molecu- 
lar weight 153.84) in the vapor state at 0° and 760 mm.? 

14. The specific heat of an element in the solid state is 0.245. Its chloride 
contains 25.54 per cent of the element and 74.46 per cent of chlorine. 
What is the atomic weight of the element? (Hint: Calculate the approxi- 
mate atomic weight by the rule of Dulong and Petit. Then calculate weight 
of element combined with 35.46 g., the equivalent weight, of chloride.) 

15 How did we learn that SsCln, and not SCI, is the correct formula of sulfur 


monochloride? 
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Chapter 14. solutions 


A solid and a liquid may be so intimately mixed that separate 
particles of the solid are no longer seen. With certain reservations, 
to be given later, we may call this mixture a solution. Salt water 
is a good illustration. If the mixture is less intimate, so that 
minute particles of the solid may be seen with the microscope, we 
may call it a suspension. Two liquids may also mix so completely 
as to deserve the term solution. If less thoroughly mixed, minute 
droplets of one liquid suspended in the other may be seen, under 
oroper conditions. Such a mixture is called an emulsion. Milk is 
an example. 

True solutions are non-settling and are homogeneous to the 
eye. Suspensions or emulsions settle, sooner or later, and arc not 
homogeneous under severe optical tests. In a true solution the 
particles of dissolved substance are single molecules or, at most, 
groups of a few molecules. Consequently a solution is a homo- 
geneous molecular mixture of substances. It should be noted that 
the proportions of the components of a solution (sugar and water, 
for example) may be varied, usually within limits. This distin- 
guishes a solution from a compound. 

Colloid Solutions. As just stated, true solutions are approxi- 
mately molecular dispersions of substances in others. Dispersions 
of molecular aggregates larger than the largest single molecules 
now known, and yet not greater in the smallest dimension than 
approximately 200 millionths of a millimeter, arc termed colloid 
dispersions or solutions. Coarse suspensions settle quickly, but 
some colloid solutions in water have failed to settle after many 
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years. Red colloidal dispersions of metallic gold in water have 
been prepared and kept for long periods of time. 

Types of Solution. We are most familiar with solutions of 
solids in liquids, but liquids and gases may also be dispersed in 
liquids to form solutions. When a beaker of tap water is warmed, 
bubbles of dissolved air may be obtained. Furthermore, solids 
dissolve in solids and liquids dissolve in solids. Some alloys arc 
mixtures of metals or compounds so intimate as to deserve the 

name solid solution. 

We may add that gases dissolve in solids. Palladium under 
certain conditions dissolves over eight hundred volumes of 
hydrogen. 

Some substances dissolve quite simply: others first react with 
the solvent to form soluble compounds, which then dissolve. Zinc 
does not really ‘‘dissolve in dilute sulfuric acid but is converted 
into zinc sulfate, which dissolves. Calcium carbonate does not 
actually dissolve in hydrochloric acid but the calcium chloride 
that is formed does dissolve. 


Exercise 

1. To which type of solution docs dilute sulfuric acid belong? Ordinary 
hydrochloric acid from the desk bottle? Ammonia water? Whiskey 

Vinegar? 


Water is the great solvent, but alcohol, ether, benzene, carbon 
disulfide, and thousands of other liquids arc solvents lor various 
substances. Water does not dissolve fats, vet carbon disulfide docs. 



Fig. 66. In solution the positive Na* ion attracts the negative end 1 of the dipolar 
water molecule while the negative Cl" ion attracts the positive end. 1 he ions are 

hydrated. 
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Sulfur dissolves readily in carbon disulfide, but not in water. 
Salts usually dissolve in other melted salts. 

Covalent molecules are said to be electric dipoles when they 
possess two equal electric charges of opposite sign separated by 
a definite distance, reminding us of a bar magnet. The dipole 
moment is a product of charge by separation distance. 

Some covalent molecules show polarity because they are 

unsymmetrical. Water is an example with its unsymmetrical 

• • 

structure, H : O : 

• • 

H 

In molecules such as H : H or Cl : Cl there is zero moment be- 
cause the atoms arc alike with equal radii. In anhydrous HC1 the 
linkage is covalent but the electron pair is not shared equally — 
the hydrogen atom has less and the chlorine atom more of the 
negative electricity — due to the fact that the pair of shared 
electrons in the outer orbits is nearer to the positive nucleus of the 
atom having the smaller radius. Thus the molecule is a dipole as 
are the molecules of water, alcohol, liquid ammonia, liquid sulfur 
dioxide, acids, bases, and salts. 

Such polar molecules tend to form chains, positive end attract- 
ing negative end, etc. Non -polar molecules (hydrocarbons, etc.) 
arc squeezed out and so in general polar liquids mix, more or 
less, with polar liquids. The old saying had it, “oil and water do 
not mix.” On the theory that “like loves like” the strongly polar 
acids, bases, and salts are more likely to dissolve in water than in 
benzene, ( On the other hand fats (almost non-polar) and 

rubber dissolve in benzene but not in water. Of course there are 
degrees of polarity and some substances arc “slightly polar,” etc. 

The addition of a liquid of intermediate polarity, or one con- 
taining both a polar and a non-polar molecular region, such as 
alcohol, increases the miscibility of a polar liquid, such as water, 
with a non-polar liquid, such as hexane or benzene. Many other 
examples might be given were it necessary to do so. 

The mutual attraction of polar molecules in a liquid gives 
abnormally high boiling points for the size of the molecules. H 2 
boils at —253" and O- at —183° yet their compound, H-..0, 
boils ai 100°. 
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SOLUBILITY OF LIQUIDS IN WATER. PER CENT (BY WEIGHT) 

AT 20° 


Benzene 

PER CENT 

0.057 

Carbon disulfide 

PER CENT 

0.21 

Nitrobenzene 

0.19 

Chloroform 

0.80 

Aniline 

3.49 

Ethvl acetate 

7.9 

Phenol 

8.2 

Ethyl alcohol 

Unlimited 

Carbon tetrachloride 

0.08 

n-Butyl alcohol 

7.8 


Diethyl ether 

4.6 


Definitions. The liquid in which a solid or gas has been dis- 
persed to form a solution is called the solvent and the substance 
dissolved the solute. In the case of two liquids or two solids, each 
one may be said to be dissolved in the other, though the one pres- 
ent in larger quantity is usually termed the solvent. A mixture ot 
gases might be called almost a perfect solution. 

By concentration we mean the amount of solute dissolved by a 
definite quantity of the solvent, often referred to as so many 
grams per 100 ml. of solvent (or even per 100 ml. of solution). A 
solution containing very little of the solute is dilute. In a concen- 
trated solution there is a larger amount of dissolved substance. 
Solutions may be made more concentrated (up to a certain 
limit) by adding more solute (preferably finely powdered) and 
shaking or stirring for some time, or by evaporating a dilute 
solution to remove part of the volatile solvent. Carried to the 
limit this is evaporating to dryness (in the case of solids in liquids) 
and the solute is recovered as a dry solid. 

I, is often incorrectly stated by the student that a saturated solution is one 
that contains all it can hold of die dissolved substance That this is anmorn 
readily proved by the formation of S upr,ratu„.U<l solutions -Stir powdered 

sodium sulfate (Na 2 SO.-10 HsO) or even the anhydrous sa t for somc t '™'" 
water at 30° C., making sure that some is left over. Let settle and decant most 
of the solution into a clean flask, taking care that no fragment of the solid n, 
transferred. Cover the flask to keep out dust and let cool. Now this solution 
saturated at 30” C., contained all it could hold, or it would have taken up 
more when it had the chance. After cooling to 15” the solution should throw 
down part of the solute because, in general, solids are less soluble on cooling 
Yet .Ids particular one continues to hold at 15” al it he d at 30 The same 
thing can be done with photographer's "hypo." We call the solution a. 15. 
rupL'maUd and the natural definition - that it contains mou than it can 
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hold — is absurd. But toss in a minute fragment of a crystal of sodium sulfate 
and quickly a beautiful network of crystals radiates from the fragment. The 
amount thus crystallizing out is the difference between the amounts securely 
held at 30° and 15°. We now see a more accurate definition. 

A saturated solution is one which will remain unchanged in concen- 
tration ij placed in contact with some of the undissolved solute . It is said 

to be in equilibrium with excess of solute. 
That is, when we stir sugar, for example, 
into water, it continues to dissolve until 
the rate at which the sugar molecules in 
solution deposit on the lumps of solid 
sugar just equals the rate at which the 
solid throws molecules into the solution 
(Fig. 67). There is then no further change 
in the quantity in solution, but there is 
ceaseless activity. If a sugar crystal with a 
corner broken olT is put into the solution, it will be repaired with- 
out gain or loss in weight. 

A supersaturated solution is in an unstable condition, and if 
placed in contact with some of the solid solute, it throws down the 
excess over the amount held bv a saturated solution. Therefore it 

4 

can be stated that a supersaturated solution has a higher concen- 
tration than the corresponding saturated solution. 

An unsaturated solution has a lower concentration than the 

saturated solution. 

2. It .t clear solution of "hypo’' (NajS-jOs) were given you to test, how could 
you ti ll whether it was unsaturated, saturated, or supersaturated? 

Water saturated with one substance may still dissolve another, 
just as a box of oranges may take up considerable sand and 
finally a surprising amount of water. 

Measuring Solubility. There arc many degrees of solubility. 
At room temperature limestone (CaC0 3 ), called calcium car- 
bonate in its pure form, dissolves to the extent of 0.0013 g. in 
100 ml. o ( water; but 143 g. of potassium hydroxide dissolve in 
the same quantity of water. 

By a 44 10 per cent solution'' wc mean one containing 10 grams of solute and 
90 grains of water (or solvent). 



Fig. 67. Equilibrium in a 
saturated solution. 
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The temperature effect on solubility must be considered in any 
of these quantitative statements. Nearly all solids arc more solu- 
ble with rise in temperature, but there are a few exceptions, 
notably some calcium salts of organic acids. (Gases, however, are 
less soluble with rise in temperature.) Potassium nitrate is seven 
times as soluble at 70° C. as at 8° C. There can be no accuracy, 
then, in a solubility statement unless the exact temperature of the 
measurement is given. This is usually 18° C. or 20 C. 

To make a solubility measurement we merely determine the 
number of grams of solute taken up by 100 ml. of water in a 
saturated solution at a definite temperature. This may be done by 
adding an excess and, after much stirring and settling, removing 
an accurately weighed or measured portion ot the clear solution 
and carefully evaporating it to dryness on a steam bath The loss 
in weight represents the water and the residue the solute. The 
results can be calculated as grams per 100 ml. ot water (or 
100 ml. of solution if preferred). Less time is required if one heats 
an excess of solid with water at a higher temperature than the one 
at which the measurement is to be made. The solution is then 
cooled and held a short time at the exact temperature desired 
until the excess has deposited and settled. A measured portion is 

then evaporated to dryness as before. , 

The solubilities at various temperatures may be plotted in t le 
form of curves, using the ordinates to represent the number of 
grams of solid dissolved by 100 ml. of water. The abscissas 

represent temperatures. 

Solubility and rate of solution are not synonymous. 

With the curves in Fig. 68 the solubility at any temperature 
may be read at a glance. What is the solub.hty at 18 C. and 
90° C. of lead nitrate? Of sodium chloride at 7/ 

3. Plot points on a solubility diagram according to the following approximate 
data and then connect these points in smooth curves (or straight lines, 

the case may be). 


0° 10° 30° 

Potassium alum 6.5 g. 8.0 g. 17.5 g. 

Ammonium chloride 29.0 g. 33.0 g. 42.0 g. 


50° 

32.0 g 

50.0 g 


70° 90° 100° 

113.0 g. 

60.0 g. 72.0 g. 78.0 g. 
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Cerous sulfate is much more soluble in cold water than in hot. As a lecture 
experiment a solution saturated at 20° C. may be heated to 100° C. when 
three-fourths of the total will form a solid mass of crystals. For preparation of 
this salt see Jf. Chem. Ed., 14, 315 (1937). 



Fig. 68. Solubility chart. 

Heats of Solutions. One Lorain molecular weight of concen- 
trated sulfuric acid added to a large volume of water releases 
39,170 cal. On the other hand, one gram molecular weight of 
ammonium chloride absorbs 3880 cal. on dissolving. Many salts 
produce this cooling effect or. in other words, their heat of solu- 
tion is negative. This cooling effect may depend upon changes 
in the aggregation of water molecules caused by the dissolved 
substance. Conversely when these salts crystallize from solution 

* 4 

heat is given out. When sodium acetate crystallizes from a super- 
saturated solution, much heat is released. This fact is utilized in 
one type of hot-water bottle useful for travelers, although a more 
common type depends upon the oxidation of moist iron powder. 
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Breaks in Solubility Curves. Transition Points. Referring to 
Fi". 6b, the chart of solubility curves, we observe a peculiar 
break, or sharp peak, in the curve for sodium sulfate. Using 
Na 2 SCV 10 H-.O, we find that its solubility increases up to 32.4° 
and then suddenly decreases. T. he fact is that at 32.4 this hvdrate 
loses its water of hydration: 

Na 2 S0 4 -10H 2 0->Na 2 S0 4 + 10 H >0 


Above 32.4° the curve represents the solubility of anhydrous 
sodium sulfate, Na 2 S0 4 , this salt being less soluble with rise in 
temperature. In other words this sharp point is the intersection 
of the two curves for these two crystalline forms of sodium 
sulfate. Such points, or temperatures, are called transition 
points and represent a distinct physical change (sometimes 
chemical also). 




If you were in a hurry to dissolve some sodium chloride, would you use hot 
or cold water? 

Salt solutions arc heavier than water. To dissolve commercial quantities of 
some solid substance without the expense of stirring or heating, would it he 
better to place the solid at the bottom of the vat or on a perforated shelf near 

the top? 


Solubility of Liquids in Liquids. Many pairs of liquids mix 
(dissolve in each other) in all proportions. Water and alcohol, 
water and sulfuric acid, water and glycerine arc examples. But 
“oil” and water do not mix at all. It is true that an emulsion of 
minute droplets of oils in water can be made, but these droplets 
contain thousands of molecules and so arc not in true solution. 
Other liquids dissolve in each other to a limited extent. If ether 
and water arc shaken and allowed to stand, an ether layer rises 
to the top with a water layer beneath. Analysis shows the presence 
of a little water dissolved in the ether layer and a little ether 

dissolved in the water layer. 

Benzene, C r ,H c , dissolves but little more than a trace of water 
(only 0.57 g. in 1000 g. of benzene), yet in some research work it 
is advisable to dry the benzene with metallic sodium (safe with 
traces of water), with activated aluminum oxide, or with “silica 



158 


SOLUTIONS 


gel.” From these illustrations we see that liquids may be com- 
pletely miscible, partially miscible, or immiscible. 

6. Give an illustration of each type. 

Critical Solution Temperature. Certain liquids immiscible 
at room temperature may form a homogeneous solution when 
heated to a “critical solution temperature.” A mixture of 2 ml. 
of anhydrous ethanol and 4 ml. of bicyclohexyl exhibits a critical 
solution temperature of 23.4° C. ; with 1 per cent of water 
present, this temperature becomes 41.4°, and with 2 per cent 
water 54.1°. Thus the critical solution temperature can be plotted 
against the percentage of water present and the resulting curve 
used for determining the water content of high-proof alcohol of 
unknown concentration. 

If to a water solution of some substances a liquid miscible with 
water, but not itself a solvent for those substances, is added, 
nearly all of the solute may be precipitated. Acetone added to 
a water solution of ferrous sulfate, FeSO* is an example. 

Solubility of Gases in Liquids. Henry’s Law. In 1803 Henry 
observed that at any definite temperature the solubility by weight 

of a gas in a liquid is proportional to the pres- 
sure of the gas. Ammonia (NH 3 ) at 0° and 760 
mm. dissolves to the extent of 114,800 ml. in 
100 ml. of water, but its solubility does not 
follow Henry's Law. In fact, all very soluble 
gases are exceptions, probably because 
react to some extent with water. 

A saturated solution of carbon dioxide con- 
tains 5.5 g. per liter at room temperature and 
standard pressure. 

W i tli rise in temperature all gases are less 
soluble in liquids. Warming ammonia water 
drives oil much of the dissolved gas and boil- 
ing removes it all. Passing a stream of an- 
other gas. say air or steam, through a solution 
oi a gas in water removes the dissolved gas for reasons given in 
the next section. 




Water 


Fig. G9. The solubil- 
ity by weight of a gas 
in a liquid is propor- 
tional to the pressure 
of the gas. 
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LAW OF PARTIAL PRESSURES 

7. Would Henry’s Law hold closely for the solubility of the very soluble hydro- 
gen chloride in water? Of the slightly soluble nitrogen in water? 

Law of Partial Pressures. If a liter of hydrogen and a liter of 
nitrogen at 760 mm. are forced together into a 
one-liter vessel, the total pressure becomes two 
atmospheres and each gas exerts its own part of 
the total pressure (one atmosphere). 

Dalton in 1802 stated that in a mixture of 
gases each gas exerts the same pressure as if it 
alone occupied the entire vessel and the total pres- 
sure is the sum of the partial pressures of the 
different gases. Of course this law does not hold 
for gases that react with each other. 

The natural consequence of this fact is that 
in a mixture of gases over a liquid each one dis- 
solves according to its own partial pressure (see 
Henry’s Law as well as Dalton’s), independently 
of the presence and pressure of other gases. For 
example, air is a mixture of about four volumes 
of nitrogen and one of oxygen. At normal pres- 
sures (760 mm.) the oxygen is responsible for 
only 152 mm. of this pressure and nitrogen for 
the other four-fifths, or 608 mm. The oxygen of 
air dissolves in water to the exact extent that it 
would were the nitrogen not present. But if the 
nitrogen of our atmosphere suddenly ceased to 
exist, the oxygen remaining would exert a noi mal 
pressure of only 152 mm. and just as much of it Fig. ^ 70^ Hy- 

would dissolve in rivers and lakes as at present. storage battery. 
Oxygen at 760 mm. (five times its partial pres- The conccntra- 

sure in ordinary air) is five times as soluble in furic add - s dc _ 
water as when found in air (when 760 mm. is termined by its 

the total pressure of nitrogen, oxygen, etc.). comparison with 

If a gas, not very soluble in water, is bubbled tables. 

through ammonia water, for example, much of 

the ammonia is removed because the stream of other gas (air, 
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perhaps) sweeps away the ammonia gas just above the liquid 
and thus reduces its partial pressure in the air immediately 
above the liquid to nearly zero. Since the solubility of ammonia 
depends in part on its pressure as a gas above the liquid, it is 
evident that ammonia will, under such conditions, pass continu- 
ously out of the liquid. This is really a steady disturbance of solu- 
tion equilibrium. Air and steam are both used to remove 
volatile substances from solution. In boiling ammonia water the 
escape of steam bubbles does much the same thing as if a stream 
of steam were led into the solution from outside. 



How could you increase the solubility of carbon dioxide in water? How 
decrease it? Explain the effervescence of soda water. 


Distribution Law. In the chapter on the halogens some men- 
tion is made of the very slight solubility of iodine in water (0.034 g. 
per liter I and its great solubility in carbon disulfide. A dilute 

solution of iodine in carbon disulfide has 
a beautiful violet color. At greater con- 
centrations the solution is almost black. 
If we shake a small crystal of iodine with 
water until the water is saturated, filter 
the solution and then add carbon disul- 
fide to the filtrate, and shake the mix- 
ture, we observe a violet color in the 
heavy carbon disulfide layer. Most of the 
iodine has been extracted from the aqueous 
solution by the carbon disulfide, in which 
it is far more soluble. In fact the iodine 
is present in a milliliter of each of the 
two solvents in the exact ratio of its solubilities in them. If 
it is one thousand times as soluble in carbon disulfide as in water, 
only one part will remain in each ml. of water for every one 
thousand parts in each ml. of carbon disulfide. The dissolved 
iodine is in constant motion, passing from one liquid to the other, 
as indicated by the following equilibrium: 



Fig. 7 1. 1 >iM ril >iition of 
iodine between two sol- 
vents. 


I •> (in water) ^ I.- (in carbon disulfide) 
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This equilibrium can be disturbed by adding something that 
reacts with the iodine in the water layer. Sodium thiosulfate 
(“hypo”) or even sodium hydroxide will do this. As fast as the 
very small amount of iodine left in the water is used up, more 
replaces it from the carbon disulfide, and finally, after sufficient 
additions and shaking, all the iodine is removed from the carbon 
disulfide, as shown by the complete loss of violet color. Iodine 
is 85 times as soluble in carbon tetrachloride as in water. 

Hydrotropic Solutions are those aqueous salt solutions which 
effect decidedly greater solubility of slightly soluble substances 
than does pure water at the same temperature. Strong solutions 
of potassium iodide dissolve up to eight atoms of iodine for each 
atom of potassium. For many slightly soluble organic compounds 
an aqueous solution of sodium xylcnesulfonatc (rather concen- 
trated) is an excellent solvent. Some salts exert the opposite 
effect — “salting out” dissolved materials. 



Chapter I 5 SOLUTIONS (continued) 


Equivalent Weights. The weights of substances that react with 
each other in some definite proportion are chemically equivalent. 

With this in mind, a glance at page 105 of the Valence chapter 
will show us that 1.008 g. of hydrogen, 23 g. of sodium, and 
35.46 g. of chlorine are equivalent to each other in reactions or 
in compounds. Also one-half of a gram-atomic weight of magne- 
sium and one-third of a gram-atomic weight of aluminum art 
equivalent to 1.008 g. of hydrogen or 35.46 g. of chlorine. 

Of Hydrogen is 1.008 g. 

Of Oxygen is 8 g. 

A Gram-Equivalent Weight °[ an >' £ ck * con,a . ins );°9? *■ ac ‘ d , ic h > dro p n , 

Of any Base contains 17.008 g. of basic hydroxyl 

| Or any Salt contains one gram equivalent of the 
( metal, or positive group 

I hits 36.468 g. of HC1 is the equivalent weight because it con- 
tains 1.008 g. of acidic hydrogen; 40.008 g. of NaOH the equiva- 
lent weight because it contains 17.008 g. of basic hydroxide 
groups; and 58.46 g. of NaCl the equivalent weight because it 
contains 23 g. of sodium. 

By acidic hydrogen is meant the hydrogen atoms in acids displaceable by a 
metal in contrast to hydrogen atoms in sugar, starch, etc., which are not so 
displaced. 

Normal Solutions. A normal solution of an acid, base, or salt con- 
tains one gram-equivalent weight of the solute in one liter of solution. 

162 
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Hence, to make a normal solution of hydrogen chloride we need 
dissolve one formula weight (36.468 g.) in one liter of solution, 
but in the case of H 2 S0 4 the entire formula weight (98 g.) is too 
much — we use only half the formula weight in a liter ot solution, 
because of the two replaceable hydrogen atoms in the H 2 S0 4 
molecule. Of H 3 P0 4 we use one-third the formula weight. 
Obviously a normal solution of copper sulfate must contain in 
one liter an equivalent weight of combined copper { ] ol 63.54 g.). 
In actual practice the common blue hydrate, CuS0 4 *5 H 2 0, 
would be weighed out so the molecular weight should include 

the water of crystallization. 

One formula weight of CuSO-i'5 H->0 is 

Cu S 4 0 5 H .O 

63.54 4- 32.066 + 64 -p 5 X 18.016 = 249.686 g. 


249.686 

One equivalent weight of “blue vitriol'' is 2 — g- - g. 

A normal solution contains 124.843 g. of the blue crystals in 
1000 ml. of solution. 

The symbol for normal is N. Twice normal is 2 N and tenth 
normal 0.1 N or N, 10. 

The term “equivalent weight” has another meaning when 
applied to an oxidizing or reducing substance. 


Exercises 

1. How could you make one liter of a normal solution of M-obromic acid 
(HBr)? Of potassium hydroxide? Of barium hydroxide, Ba(Oll),. 

in H O are there in 800 ml. of N/5 solution.-' 

2. How many grams of Na 2 SO 4 10 H,U arc tncrc 

Of NaSOi in 800 ml. of N/5 solution? 

3. Define equivalent weights of acids, bases, and salts. 

4. Two beakers containing dilute and concen.ra.ed sugar solutions are kept 
under a bell jar. Explain concentration changes. 

To be exact we must state that solutions may be normal with 
respect to the ion considered. For exarnplc a molar scdution o 

KHSO, is 1 N for the K+ ion, 1 N for the H+, but 2 N for the 
SO 4 "“ ion. 
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Molar Solutions. A molar solution contains a molecular weight 
in grams ( one mole ) of solute in a liter of solution. Since the mo- 
lecular weight of sulfuric acid is 98.026, a molar solution of this 
acid contains 98.026 g. per liter. Note that we did not refer to 
1000 ml. of solvent, but to 1000 ml. of solution, a very different 
thing. A molar solution of sodium chloride contains 58.46 g. per 
liter of solution. 

A molal solution contains 1 mole of solute in 1000 g. of solvent, 
while a molar solution contains 1 mole in 1 liter of solution. Both 
terms have convenience in use. One mole is the same as one 
formula weight in grams. 

5. How could you make 400 ml. of molar copper sulfate solution? Remember 
that the “blue vitriol” used is CuS0 4 -5 H-.-O. 

6. How could you make one-tenth molar potassium nitrate? 


Freezing-Point Lowering. The fact that salt water freezes at 
a lower temperature than pure water has long been known. 
Cavendish's secretary, Blagden, observed that the amount of this 
lowering of the freezing point is proportional to the concentration 
of dissolved substance. For example, if a solution of 10 g. of 
glycerine in 1000 g. of water freezes at a fraction of a degree 
below zero, then a solution of 20 g. of glycerine per 1000 g. of 
water must freeze twice as far below zero and a 50-g. solution 
five times as far below zero. A most interesting point is brought 
out if solutions of gram-molecular weights of such substances as 
alcohol, glycerine, sugar, and acetone, in 1000 g. of water, are 
frozen. They all freeze at about -1.86°C. Hence the molal 
depression of the freezing point of water is 1.86°. We can obtain 
the molecular weight oi a soluble substance by noting how many 
grams of it must be dissolved in 1000 g. of water to lower the 


freezing point to -1.86°. If 80 g. arc required, 80 is, of course, 
the molecular weight. If, in another instance, a solution freezes 
at —0.186°, the lowering is only one-tenth that produced by a 
molar weight, and hence the weight of solute used per 1000 g. 
of water is only one-tenth the molecular weight 

A solution of 46 g. of ethyl alcohol (C 2 H 6 OH) in 1000 g. of 
watci fi eezes at 1.86 , as do solutions of 1000 g. of water con- 
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boiling-point rise and vapor tension 

taining 342 g. of cane sugar (Ci 2 H 22 O u ) or 32 g. of methyl 
alcohol (CH 3 OH). These are all gram-molecular weights. An 
important exception to these statements must be made for acids, 
bases, and salts. They will be discussed later. 

7. If a solution made by dissolving 14 g. of a substance in 100 g. of water 
freezes at -0.4°, what is the molecular weight of the substance. 

In calculating the molecular weight of a substance soluble in 

water the following proportion will be found useful: 

Observed lowering : 1.86° = grams of solute in 000 g 

solvent : mol. weight of solute 


MoL SK,sfs™°E 

% A 


PURE 

MOLEC. LOW. 

SOLVENT 

OF FREEZ- 

FREEZES AT 

ING PT. 

0° 

1.86° 

-24.7° 

2.98° 

+ 5.5° 

5.12° 

+ 40.0° 

7.27° 


PURE 
SOLVENT 
BOILS AT 

+ 100 . 0 ° 
+ 78.5° 
+ 80.2° 
+ 182.1° 


MOLEC. 
RISE OF 
BOILING 
PT. 

0.52° 

4.88° 

2.57° 

3.60° 


SOLVENT 

Water 

Carbon tetrachloride (CCL») 

Benzene (CnHe) 

Phenol (CcH 5 OH) 

For the anti-freeze solution in your car alcohol or glycol, 
C 2 H 4 (OH) 2 , usually is used, dissolved in water. 

A meted mixture of 40 per cent 
NaNO, freezes and melts at 288 1 . it is muen 
liquid in industry (cheaper than mercury). 

8. A 30 per cent (by -if) ^ F- 

^‘^l^if costs were et.ua, ? Alcohol is 

much more volatile. f , nzt . nc lower 

9. How much should 8.5 g. of naphthalene (C l0 H 8 ) in -UB b 

the freezing point? 

Boiling-Point Rise and Vapor Tension. The work of Raoult 
on freezing-point lowering was applied (1882) to a -dyc4the 

effect of dissolved .^ bs ^ nC « a^lvcnt by getting in 
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vapor tension of the solvent. Consequently the solution must be 
made hotter to produce a vapor tension just equal to the pressure 
of the atmosphere; that is, to make the liquid boil at 760 mm. 

Water boils at 100° C., but Raoult found that if 
S' N. a molecular weight in grams of any compara- 
|| tively non-volatile substance (except acids, bases, 
and salts) is dissolved in 1000 ml. of water, the 
solution boils at 100.52° C. The boiling-point rise 
is 0.52° C. Obviously the molecular weight of such 
a substance as glycerine or sugar may be obtained 
£&■ :, by measuring the boiling point of any convenient 

solution and from this calculating how many 
Fig. 72. What grams of solute would be required to raise the 
will occur if a boiling point 0.52° C. To sum up, the lowering of 

bottle of water . r , / i i 

and a bottle of the vapor tension oi a solvent (and the conse- 
sugar solution quent rise in boiling point) caused by dissolved 

as^ho wn* here ? substances other than acids, bases, and salts is 

directly proportional to the molecular concentra- 
tion of the solute. The boiling-point rise caused by one formula 
weight in grams of solute per 1000 grams of solvent is 0.52° for water, 

I. 67° for acetone, and 2.57° for benzene. Raoult’s Law does not 
hold where there is reaction between solute and solvent. 

10. What should be the boiling point of a solution containing 95 g. of cane 
sugar (CijH-j.O,,) in 500 ml. of water? 

II. A solution of 40 g. of AB in 1000 g. of benzene freezes at — 1 .2° C. Benzene 
freezes at 5.5°. What is the molecular weight of AB? 

There are some very soluble substances, such as calcium chlo- 
ride. which become wet in ordinary air. Such substances are 

4 

deliquescent. They dissolve in the film of moisture on their sur- 
face, forming a concentrated solution with a vapor tension lower 
than the vapor pressure of the air. Consequently moisture is 
deposited in the solution, tending to dilute it. This explains the 
vise of anhydrous calcium chloride as a drying agent to take up 
moisture from gases. The mere fact that the vapor pressure of 
water in ordinary air may be greater than the aqueous tension of 
some crystals is not enough to account for deliquescence; other- 
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wise water from the air would continue to condense on powdered 
diamonds or sand. 

Such extremely soluble substances as glycerine, glycol, sugars, and sorbitol 
(a recent commercial product), when added in small amounts, have the valu- 
able property of keeping sufficiently moist tobacco, cellophane, textiles, leather, 

and glue. 

Osmotic Pressure. The walls of plant cells, bladder tissue, 
parchment paper, and many other membranes are semi permeable. 
They permit the diffusion of water while checking or prohibiting 

the passage of certain dissolved substances. 

Osmosis is the selective flow of solvent through a semi- 
permcable membrane from a pure solvent into a solution or 
from a more dilute into a more concentrated solution. 

In Fig. 73 we represent a simple device for demonstrating 
osmotic pressure which is, however, too crude for accurate 
quantitative study. A “thimble” of wet parchment paper filled 
with a concentrated sugar solution 
is attached tightly to a rubber stop- 
per containing a long section of 
small glass tubing. I he tube is 
firmly fixed in a vertical position 
in a beaker of pure water. Aftei a 
few hours the level of the liquid 
in the narrow stem (marked with 
a label) has risen to a considerable 
height — to such height that the 
weight of the column of liquid just 
equals the osmotic pressure of the solu- 
tion. 

The pure water passes through 
the membrane (slowly) in both di- Fig 73 osmotic pressure cell with 
rections, but passes into the solu- parchment cup membrane. 

tion faster than it passes out. The 

result is an increase in the volume of liquid in the bulb shown 
by a rise in the narrow tube. The pressure set up is measured 

by the weight of the column of solution. 
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A carrot makes an excellent osmotic cup when hollowed out with a cork 
borer. After fill ini; with sugar solution and fitting with a cork and glass tube, 
it is a wise precaution against leakage to bind adhesive tape tightly around the 
upper part of the carrot and over the stopper. 

Osmotic pressure is the pressure required to stop the movement of 
solvent through a semipermeable membrane from a more dilute to a 
more concentrated solution. 

Using solutions and pure solvents we find the osmotic pressure 
is proportional to the concentration of the solute in the solution. 
That is, a 10 per cent sugar solution has twice the osmotic 
pressure of a 5 per cent solution. If a more dilute solution is 
placed on one side of the membrane and a more concentrated 
on the other, the pressure will be proportional to the difference 
in concentration. 

The osmotic pressure laws do not hold for acids, bases, and 
salts for very good reasons soon to be developed. 

The preservative effect of sugar is said to be due largely to its 
clfect on osmotic pressure. Microorganisms must have water for 
growth and if dehydrated by a concentrated sugar syrup (with 
osmotic pressure higher than that of the cell contents) they are 
killed. The tissues of the microorganisms may be considered as 
semipermeable membranes. 

A spectacular experiment illustrating osmotic pressure as well as the forma- 
tion of sc impermeable membranes is easily performed. C.rystals of salts of 
nickel, cobalt, copper, lead, manganese, and small lumps of ferric chloride may 
be diopped into ordinary commercial water glass (sodium silicate) diluted with 
two or three volumes ot water. 1 he fragment ol nickel sullate, for example, 
dissolving in the water ol this solution reacts to form nickel silicate, a gelatinous 
material. I Ins forms a sac, semipermeable in that it allows water to pass 
tin on li in both directions but does not permit the molecules of nickel sulfate 
inside the sac to ditluse out. 1 he concentration of the solution inside each little 
sa« is greater than that < uitside because the fragment of crystal keeps it saturated. 
1 lie result is shown by swelling and bursting of the sac. This lets out the con- 
tents. nickel sulfate, to react and form a new sac wall. Thus a tree-like growth 
upward (because of the lesser hydrostatic pressure above) appears with a 
startling rapidity in tin- case of ferric chloride and is quite appreciable in all 
cases. 1 In- “submat ine forest" in many colors is worth observing for a day or so. 
I fie bursting of the sacs is a result of osmotic pressure of a more concentrated 


solution. 
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Exercises 

12. State Henry’s Law and give an illustration. 

,3. Solutions of equal osmotic pressures are called isotonic. Injections of fluid 
into our blood stream must be isotonic with the plasma (l.qu.d poruon 
the blood). Why? A “physiologic salt solution,” 0.9 per cent NaC.1, ts 

isotonic with the blood. 

14. Hydrogen dissolves in palladium while nitrogen does not. If you sealed 
nitrogen in a thin-walled palladium tube and placed tt m a flash of hydro- 
gen what gaseous movements would you observe? Do you sec any parallel 
to the osmotic pressure movement of solutions? 

,5. Wha, do you mean by a - ^ 

IrX”' 0° su,furTc acid? Of aluminum sulfate? Of sodium hy- 
droxide? Of barium hydroxide (Ba(OH)-.*) • 

of water may form on any solid surface exposed to ord.nary atr. 

»■ srrr.TSSsrrs: 

happen? 

18. Prove that a solution is a mixture rather than a compound. 

1, Wha, weights of the following — ee swould %££££"" 
liter of normal solution: HU, iNawn, ri 3 * 4 , 

KaCl 2 -2H .O, A1CI 3 ? . ... 

20 If 45 g. of a substance dissolved in 500 g. of water gives a glutton bo.hng 

at 100 .26°, what is the molecular we.ght of the substance. 

21 , f ,40 g of a substance dissolved in 2000 g. of water gives a solutton freeing 
at ,86°, wha, is the molecular weigh, of the substance? 

22. How could you wash iodine out of carbon disulf.de with water ,n sp.te of 

its vastly greater solubility in carbon disulfide . 

• . r k -0 56° C. How could you detect watering of 

23. The freezing point of milk is b.no 

milk? „ x ,, _ 

. . if kont wet in fresh water (in storage) ratlu r 

24. Would an oyster look different ll kep 

than in salt water? Why or why not? 

if Mood serum were replaced by water. 

25. What would happen to corpuscles .1 blood ' 

„r 17 liters If you wished to till it, or 

26. An auto radiator has a capac V > would remain 

ncarlv so with an aqueous solution ol alconoi > 

liquid a, ’-20° C. wha. weights of alcohol and water would you use. 
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27. Millions of young plants are shipped with roots packed in moss wet with 
a glycerine-water solution. Why? 

28. Compare efflorescence and deliquescence. 
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Chapter 16 


CHLORINE, BROMINE, 
IODINE, AND FLUORINE 


The Halogen Family. Chlorine, bromine, iodine, and fluorine 
exhibit such close resemblances as elements and in their com- 
pounds that they are grouped as a family of ‘halogens. Of all 
the elements they are the least like the metals. The name halogen 
means “salt former,” given because they all unite with metals to 

form salts, such as sodium chloride. 


AT. VVT. 

19.00 

35.457 

79.96 

126.92 


MELTING PT 

- 223 ° 

- 101 . 6 ° 

- 72 ° 

113 . 5 ° 


BOILING PT. 

- 187 . 0 ° 

- 34 . 6 ° 

58 . 78 ° 

184 . 4 ° 


COLOR AND STATE 

Pale-yellow gas 
Greenish-yellow gas 
Reddish-brown liquid 
Violet-black solid 


Fluorine (F) 

Chlorine (Cl) 

Bromine (Br) 

Iodine (1) 

The iodine atom is the largest and fluorine the smallest of the 
halogens. 

Radius of Ion in Crystals (Angstrom units): 

F Cl Br I 

1.36 1.81 l- 95 2 16 


CHLORINE 

History. Chlorine was first prepared by Scheele in ^ 774 ^ th ^ 
action of manganese dioxide on hydrochloric and However, it 
was thought to be a compound of hydrochloric acid and oxygen 
even by Lavoisier. In 1810 Sir Humphry Davy tried in vain to 
reduce the supposed oxide and finally convinced the scientific 
world that this substance was really an element. He named it 

chlorine, from the Greek for greenish-yellow. 

171 
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Exercise 

1. In what connection have we heard of Scheele before? 


Occurrence. Chlorine is not found free in nature because it 
reacts so readily with many other substances, particularly metals. 
Its commonest compound is sodium chloride, common salt. This 
is found in sea water to the extent of nearly 3 per cent. Great 
Salt Lake contains 23 per cent. In some parts of the world salt is 
mined, and deposits are common. Potassium chloride is found in 
a large deposit at Stassfurt, Germany, associated with sodium 
chloride and magnesium chloride. 

Preparation. The most convenient laboratory methods of 
preparation depend upon the oxidation of hydrogen chloride into 
water and free chlorine. The half molecule is used in the following 
equation for simplicity: 


O + 2 H 



h 2 o + Cl 2 


Oxygen alone does this only with extreme slowness unless aided 
by a catalyst at a favorable temperature. Good oxidizing agents 
such as potassium permanganate, manganese dioxide, sodium 
dichromate, and lead dioxide will oxidize hydrogen chloride 
rapidly without a catalyst. 

Germany was found to have a commercial plant for the manufacture of 
chlorine based on the oxidation of HC1 gas by oxygen as the mixture bubbled 
through a bath of melted anhydrous ferric chloride, FcCU, and potassium chlo- 
ride-. 


A concentrated solution of hydrogen chloride in water (called 
hydrochloric acid) is warmed (Fig. 74) with the oxidizing agent: 

Mn0 2 + 4 HC1 2 H .O + MnCl 2 + Cl 2 

Had manganous oxide, MnO, been used no chlorine would have 
been released : 

MnO 2 HC1 -► H .O + MnCl 2 

We may say that Mn0 2 is an oxidizing agent and MnO is not, 
but this is only part of the truth. In MnO-> the valence number 
of the inctal is four, and in its product, MnCl 2 , the valence 
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number has dropped to two. This fact introduces an extension of 
the idea of oxidation and reduction. A drop in valence number of 
the positive element or radical in a compound is reduction The 
MnO-2 is reduced by the HC1 (which also means that the Mn0 2 
oxidizes the HC1) because the manganese dropped in va ence 
number from four to two. In the reaction with MnO the valence 
number of manganese is two and remains two in the product, 

MnCb- 

The half reactions are: 


Mn 1+ + 2 -> Mn 2+ 

2 Cl" - 2 €" — > Cl* 


2 The reactions of hydrochloric acid with lead dioxide, Pb0 2 and lead 
monoxide, PbO, are similar to the above. Write the 

that the hydrosen of the acid unites w.th the oxygen of metall.c ox.des 
form water. 


In practice we generate the hydrochloric acid by the action of 
moderately diluted sulfuric acid on sod.um chlor.de and oxidue 
U, as shown above, with manganese dioxide in the same operatton 

NaCl + H2SO4 — > HC1 + NaHSO* 

(Fig 74). The gas is passed through a little water to remove 
hydrogen chloride and through concentrated sulfuric acid to dry 
it. It displaces air from the ^^vmgcyhn er oxldiz . 

oT d "X chlorine.^Conccntratcd 

hydrochloric acid diluted with about one-third of ns volume of 
water is dropped very slowly on the sohd from a dropping mmcL 
The chlorine is released instantly without warming, and ns flow 
ceases on stopping the addition of aci 

2 KMnO, + 16 HC1 - 8 H.O + 2 KC1 + 2 MnCh + 5 Cl, 
There is no valence change in the chlorine atoms appearing 

^ The electronic balancing of this equation is clear if we examine 
the products, H,0. KC1, MnCl, and Cl, noting that some o 
the chlorine atoms still retain their negative valence numb, , 
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one, while in the chlorine set free the valence number has 
changed from one negative to zero: 

KMnO, + HC1 — ► HoO 4- KC1 + MnCl 2 + Cl 2 



Without delay we set down enough HC1 to convert all the 
oxygen into water: 


K 1+ Mn 7+ Or“ 4- 8 HC1 1 " -> 4 

t 1 

5(e) 


H 2 0 + KC1 + Mn^W +2 £C1 2 ° 


I he drop in positive valence number of the manganese from 7 
to 2 requires a donation of 5 electrons from the negative chlorine 
in HCI. I hrec chlorine atoms reappear in combined form in KC1 
and NlnClo. do avoid the 2 \ Cl 2 we double all items in the last 
trial equation, securing: 

2 KMnO 4 4- 16 HCI -> 8 H 2 0 4- 2 KC1 4- 2 MnCl 2 + 5 Cl 2 

1 he half reactions are: 


Mn 7+ + 5e-> Mn*+ 
5 Cl" - 5 e -> 2 i Cl 2 


CHLORINE BY ELECTROLYSIS 175 

In only ten of the HC1 molecules has the valence number of 
(he chlorine changed. The chlorine in the other six molecules 
reappears in the chlorides of manganese and potassmm with no 

valence change. ... 

To a question as to how we know that the products of this 

reaction are K.C1 and MnCl 2 it may be answered that analysis 

of the final solution gives the information. At this ear y stage we 

are obliged to give the student the correct formulas for the 

products. Potassium permanganate, being soluble in water, is in 

better contact with the acid than is the insoluble manganese 

d * *dc 

Todium dichromate is also efficient in oxidizing concentrated 
hydrochloric acid : 

Na 2 Cr 2 0 7 + 14 HC1 - 2 NaCl + 2 CrCl 3 + 7 H.O + 3 Cl 2 

3. compare this equation with the one for pot-iuin permanganalo. Balance 
it electronically. The chromium valence number in Narf.r.O . ix. 

4. How many liters of chlorine may be released by the action of 32 g. 
potassium permanganate on hydroch oric 

• - ... n »:, ur the action of most of the oxidizing 

In “fi^ Z2Z remember' dial ,he hydrogen of ,he lies 

agents on HC1 it >s help ui to while the metal (or 

wilb an ,h= oxv^n oflhe^.d.ang^en, m.for in^ ^ ^ 

KC1, MnCi*: etc.). The rest of the chlorine, if there is any, is liberated. Similar 
statements apply to HBr and HI. 

Chlorine by Electrolysis. The leading commercial method of 

. • uwinr is the electrolysis of water solutions of sodium 
making chlorine is inc eiccn 7 

chloride. Chlorine is evolved at the anode, which .mu s .be mad 
of carbon usually in the form of graphite, because the gas is o 
live U would react with metal anodes. At the cathode usual y 

iron, sodium hydroxide, and hydrogen are the ° b 'droxide 
chlorine in the presence of water reacts with sodium . mode 

it is necessary to keep the solutions around the two 
from mixing. 

, t i u . positive anode and leaves at 

In any electrolytic cell the current e 

the negative calhodr. 
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Not long ago electrolytic sodium hydroxide was in much greater demand than 
the accompanying chlorine. Now greatly increased amounts of chlorine are 
wanted. In the United States over 1,800,000 tons of chlorine were used in 1948. 


Molten sodium chloride conducts electricity and can thus be 
decomposed into chlorine and sodium. With no water present the 
sodium accumulates. This is one of the commercial sources of 
metallic sodium although in actual practice some sodium car- 
bonate (Na 2 C0 3 ) is added to lower the melting point of sodium 
chloride. 

A recent development in chlorine manufacture is the reaction 
between hot, dry sodium chloride and sulfur trioxide. 

\ 0 2 + S0 3 4- 2 NaCl -> Na 2 S0 4 4- Cl 2 

Physical Properties. Chlorine is a greenish-yellow gas 2.49 
times as heavy as air. One liter weighs 3.214 g. under standard 
conditions. One hundred volumes of water dissolve 226 volumes 
of chlorine. It can be liquefied at 18° by 16.5 atmospheres pres- 
sure and its critical temperature is 146°. The liquid boils at 
— 33.6° and freezes at —102°. When collected over water there 
is some loss because it dissolves in and reacts with water. It is less 
soluble, however, in water saturated with common salt. Since it 
attacks mercury it may not be collected over that liquid. Usually 
it is led into the bottom of any vessel filled with air and, being 
2.49 times as heavy, displaces the air upward. Water saturated 
with chlorine at 0° deposits crystals of Cl 2 -8 H 2 0. These have 
a very high vapor tension, decomposing readily on being 
warmed slightly. 

Chlorine, under pressure, is now shipped in tank cars contain- 
ing 15 tons of the liquid element. Dry chlorine does not attack 

steel. 

Chemical Properties. Chlorine is one of the most active ele- 
ments, more active than oxygen. It unites with nearly all the 
elements to form chlorides. It is fatal to breathe air containing 
1 part of chlorine in 1000. 

1. Action on Elements. The metals, with but few exceptions, 
unite with chlorine. A piece of sodium in a bottle of dry chlorine 
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gradually becomes sodium chloride, but if the sodium 
heated it burns brilliantly in the chlorine. So does 
calcium, forming calcium chloride. Thin copper 
foil, if heated, seems to burst into flame in a jar of 

chlorine. 

For a lccture-iable experiment it is most convenient to 
evacuate a flask containing crumpled copper leaf (Dutch 
metal), close the stopcock, connect with a flask of chlorine 
(Fig. 75), and then open the stopcock. As the chlorine rushes 
up the wide tube into the upper flask a flash of something 
resembling flame appears. 

Even platinum is attacked by the gas. Most of 
the non-metals are attacked. Sulfur burns in chlo- 
rine to form sulfur chloride, S 2 C1 2 , used in the 
manufacture of mustard gas and, to some extc nt, 

in rubber curing. . . . 

Phosphorus unites with chlorine (burns in it in 

fact) to form a colorless liquid (PCh), phosphorus 
trichloride. With an excess of chlorine this be- 
comes PCI, phosphorus pcntachloridc a yellow solid. 

Chlorine and hydrogen unite very slowly in the dark, rapid > 

in diffused light, and explosively in bright 

sunlight or the light of burning magne- 
sium. Hydrogen chloride is formed. If a 
jet of burning hydrogen is lowered into a 
bottle of chlorine, it continues to burn 
with evolution of light and heat and foi- 
mation of hydrogen chloride (Fig. 76). 
Direct union of the two gases is being 
used to some extent now to form pure 
“synthetic hydrochloric acid.” There is, 
therefore, such a thing as combustion 

without oxygen: 

H„ -f- Cl 2 - 2 HC1 

2. Action on Compounds. Chlorine will pull die hydrogen out 
of compounds and form hydrogen chloride. Natural gas (laigely 


Fig. 75. Chlo- 
rine reacts wit I 
copper foil. 



Fig. 76. Burning methane 
in chlorine. 



178 CHLORINE, BROMINE, IODINE, AND FLUORINE 

CH 4 , methane) will burn in chlorine just as well as does hydro- 
gen, but the flame is smoky, due to the liberated carbon (Fig. 76). 

CH 4 4- 2 Cl 2 -> C -t- 4 HC1 

A burning candle lowered into a jar of chlorine burns with a 
smoky flame. A paper wet with warm turpentine. C 10 H 16 , bursts 
into smoky flame in chlorine. The reaction is similar: 

C I0 H 16 8 Cl 2 -> 10 C 4- 16 HC1 

5. How many liters of hydrogen chloride at 0° and 760 mm. can be formed by 
the action of chlorine on 175 g. of turpentine? Solve two ways. 

Chlorine also displaces some elements from compounds: 

HoS 4- Cl* -> 2 HC1 4- S 
2 KI 4- Cl* -> 2 KC1 4- I 2 
2 NaBr -f Cl 2 -> 2 NaCl 4- Br 2 

Here, sulfur, iodine, and bromine are displaced. Chlorine is a 
more active clement than these three. With carbon monoxide, 
catalyzed by charcoal, at 100°, it unites to form phosgene, one of 
the most effective poison war gases: 

CO 4- Cl-» — > COCl 2 

Chlorine not only dissolves in cold water (6.3 g. per liter) but 
reacts with it: 

Cl 2 -I- HoO <=> HC1 -1- HCIO 

This is a reversible reaction, but the hypochlorous acid (HCIO) 
dowdy decomposes into hydrochloric acid and oxygen. Since this 
decomposition is accelerated by sunlight, chlorine water is best 
kept in dark bottles. Finally the equilibrium is displaced com- 
pletely to the right and there is no longer any dissolved chlorine 
left, merely a solution of hydrochloric acid. The equilibrium is 
disturbed to the right rapidly if there is some reducing agent 
present to take up the oxygen from the hypochlorous acid. In 
°ther words the instability ol hypochlorous acid makes it a good 
oxidizing agent. 
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We referred previously to the burning of a jet of methane 
(CH 4 ) in chlorine. In the sunlight the two gases react slowly as 

follows : 


(!) CH 4 + 3 Cl> -> CHCI 3 4- 3 HC1 

(2) CH 4 + 4 Cl 2 -> CC1 4 + 4 HC1 

CHCI 3 is chloroform and CC1, is carbon tetrachloride. This kind 
of displacement is sometimes called substitution. The hydrogen 
displaced is not set free but unites with part of the chlorme. 

The progressive chlorination is represented graphically below : 


m — 

Cl 

p/H 

H 

Monochlor- 

mcthanc 

Cl 

P^Cl 

\H 

H 

Dichlormethanc 

Cl 

c< cl 

C ^C1 

H 

Trichlorincthane 

(Chloroform) 

Cl 

P^Cl 

C ^C1 

Cl 

Tctrachlor- 
methane 
(Carbon tetra- 




chloride) 


Types of Chemical Reaction. 

1 Combination. Two substances unite to form one substance. 

Example : C + 0 2 -» C0 2 

2. Decomposition. One substance decomposes into two or more. 

Example: 2 HgO -* 2 Hg + 0 2 

3. Double Decomposition. Two substances react to form two 
other substances. 

Example : AgNOa + NaCl - NaNOa + AgCl 

4. Displacement. One element displaces another from a com- 
pound. 

Example: Zn + H 2 SO, - H 2 + ZnSO* 

5. Substitution. See above. 

6. Write three examples of each type. 
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Carbon has 4 valence electrons; chlorine has 7. . q \ . 

In the graphic formula on the right each chlorine . qj . q . . 

atom is sharing (covalence) one electron with •• ^ ** 

carbon, which reciprocates. Consequently a 
complete outer shell of eight electrons is built up tetra ^hloridc 
for all the atoms concerned. 

Uses of Chlorine. Chlorine in normal times finds its greatest 
use in preparing chlorine derivatives of the hydrocarbons and 
other organic compounds. The second use is as a bleaching 
agent, especially for paper and textiles. Colored strips of calico, 
red geraniums, etc., hung in bottles of chlorine soon lose their 
color. If, however, the gas and the colored object are thoroughly 
dried, no bleaching takes place. 

The effect of water is easily understood from the equation just 

given : 

Cl 2 + H >0 «=* HC1 + HCIO 

The hypochlorous acid oxidizes colored substances into colorless 
ones, therefore the chlorine bleaches indirectly. Printer's ink 
cannot be bleached because its color is due to carbon, on which 
hypochlorous acid has no effect. Chlorine is too destructive to be 
used on silk, feathers, and the more delicate materials. Even 
cotton is slightly weakened, so the chlorine must be thoroughly 
washed out. Great quantities of the gas are passed over lime to 
form bleaching powder, from which chlorine can be released as 
needed. 

Many great cities (85 per cent of them) add a little chlorine to 
their water supplies to kill bacteria, which it does most efficiently 
and cheaply (see page 123). 

Production of chlorine in the United States has risen rapidly 
in recent years to an annual total of 1,800,000 tons. 

( iold may be extracted from its ores by the action of chlorine 
on them to form soluble gold chloride. This is only one of the 

processes used . 

Ghlorine is essential to most of the poison cases used in modern warfare. 
Rolling < loads of ehlorine were used in the first gas attacks. Mustard gas 
( < 1 11 ,( 1) _S. phosgene, C< >tll 3 , chlorpicrin (GGljNO*), — these demand huge 
(|U.mtities of chlorine. Mustard gas (dichlordiethvlsulfidc) is still the most 
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effective toxic gas, partly because of the ease and safety of its manufacture 
which is essentially the reaction between ethylene (C;H 4 ) and sulfur mono- 
chloride (S 2 CI 2 ). The raw materials arc easily prepared in quantity. Lewisite 
is C1CH = CHAsCU, and the newer nitrogen mustards, (C1CH 2 -CH 2 )»N. 
As a good result of war gas research the British developed “BAL” with 

formula 

CH? — CH — CH 2 


SH SH SH 

to counteract Lewisite gas. It was found to have great value in medicine. 

One of the best tear gases (so useful to the police) is benzyl bromide, 

CcHiCHaBr. 

Chlorinated hydrocarbons (solvents and degreasers, etc.) 
Bleaching paper and cotton 
Ethylene glycol (anti-freeze) 

Water purification 
Neoprene rubber 
Some plastics 
Gold extraction 


Uses of chlorine 


Tests. Minute traces of chlorine are readily detected by sine . 
A filter paper soaked in a solution of potassium iodide and starch 
turns blue in the gas. Chlorine sets the iodine free, thus: 

2KI + Cl 2 — > 2 KC.l + I < 

The free iodine then reacts with the starch with the developnu nt 
of a blue color. 


BROMINE 

History. Balard, in 1826, released bromine from a salt liquor 
by the action of free chlorine. This is the most modern method of 
commercial preparation we have today, a century later. He also 
treated a salt, which he later found to be potassium bromide, with 
concentrated sulfuric acid and manganese dioxide and obtained 

bromine. Even this method is still in use. 

Occurrence. Bromine (Br) in the form of magnesium bromide 
(MgBrj and sodium bromide (NaBr) is far less abundant than 
the chlorides, but it is found with sodium chloride in sea water, in 
the great salt layers at Stassfurt, Germany, and in the salt brines 
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of Michigan and West Virginia. The Dead Sea contains much 
magnesium bromide. One cubic mile of sea water contains 
310,000 tons of combined bromine. 

Preparation. Oxidation of the simple halogen acids serves well 
in the preparation of bromine, chlorine, and iodine. 

A mixture of sodium bromide, manganese dioxide, and concentrated sulfuric 
acid is heated moderately. The vapors of bromine arc condensed in a cooled 
flask (Fig. 77). Similar reactions are given in steps on pages 172 and 173. 

2 NaBr+3 H 2 S0 4 +Mn0 2 ->2 NaHS0. J -fMnS0 4 + 2 H 2 0-f Br 2 
2 NaI + 3 HoS0 4 + Mn0 2 -+2 NaHS0 4 + MnS0 4 + 2 H 2 0 + I 2 

In other words, the oxidation of hydrogen bromide (2 HBr + O 
— > H 2 0 + Br 2 ) is a part of the mechanism of the reaction. 

The brine pumped up from the salt beds underlying Midland, 
Michigan, and vicinity contains 0.14 of one per cent bromine (as 



Fig. 77. Preparation of bromine by heating a mixture of potassium bromide, 

manganese dioxide, and concentrated sulfuric acid. 

sodium and magnesium bromides). After concentrating to 
crystallize out most of the salt the remaining “bitter liquor” is 
electrolyzed at a voltage high enough to release all the bromine 
but too low to discharge any chlorine. 

A stream of warm air carries off the bromine. Some of the 
bromine is cooled and condensed as a liquid, but most of it is 
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led up through a splash tower against a “counter current” of 
sodium carbonate solution. Sodium hydroxide could be used but 
costs more. The reactions are represented by equations (1) and 

(2) below. 

No bromine escapes, for it meets at the top a stream of fresh 
sodium carbonate solution. No sodium carbonate gets through, 
for it meets a stream of fresh bromine vapor at the bottom. 
Proper adjustment of the two opposing streams gives efficiency 
Increasing either stream after adjustment would mean a loss of 
bromine or of sodium carbonate as the case might be. 

3 Na 2 C0 3 + 3 Br 2 -> 5 NaBr + NaBrCb + 3 CO . 

Bromine is also obtained from sea water when it is acidified and 
treated with chlorine. The bromine liberated is blown out with 
air and caught in a spray of sodium carbonate solution which is 
later boiled to a dry mixture of the bromide and broma e that is 
convenient for transportation. Equation (3) below explains the 
release of bromine when desired by the purchaser. 


( 1 ) CU + 2 NaBr 

(2) 3 Na 2 C0 3 + 3 Br-> 

(3) 5 NaBr +NaBr0 3 +3 H »S0 4 


2 NaCl + Br 2 

5 NaBrd-NaBr0 3 + 3 CO > 

3 Na .SC) , +3 HoO + 3 Br 2 


Here the sulfuric acid liberates HBrO, (bromic acid) which 

oxidizes the HBr also liberated. 

The ocean is a limitless source of bromine with 3 1 0,000 tons 

of combined bromine in each cubic mile. 

Uses. Bromine is used in making some aniline- ye. 
making potassium bromide (a valuable nerve sedative). Silver 
bromide is the sensitive material on photographic plates. ^ 

In 1924 tetraethyl lead came into extensive use as an anti- 
knock” addition to gasoline. About 2 ml. of ethy cne romi c 
CjH.Br 2 , per gallon of gasoline are required to furnish enough 
bromine to change the lead set free in the explosion into PbBrj 
Free lead would injure the ignition points. 1 his development 
forced the United States to increase bromine production to more 

than 40,000 tons annually. 
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IODINE 

History. Soon after Davy proved that chlorine is an element 
iodine was prepared by Courtois, who heated the ash of seaweed 
with concentrated sulfuric acid and obtained violet vapors. This 
method, with some modification, is still used. Courtois did not 
know what he had made, but in 1814 Gay-Lussac proved that 
the new substance was an element and gave it the name “iodine,” 
from the Greek for “violet.” 

Preparation. Nearly all our iodine is obtained from the beds 
of Chile saltpeter (NaNOa), where it is found to the extent of 0.2 
per cent as sodium iodate (NaI0 3 ). 

The sodium iodate is decomposed by sodium bisulfite: 

2 NaIO .3 -h 5 NaHSO s -> 3 NaHS0 4 + 2 Na 2 S0 4 + H 2 0 + I> 

7 . Would iodine displace bromine from a bromide? 

Chile produces annually almost 800 tons of iodine and could 
easily produce ten times as much. This monopoly has led to 
prices beyond reason. Our annual needs total over 2,000,000 
pounds, and most of it is imported. In the past several years 
iodine has been extracted from the salt brine of some oil wells in 
California and Louisiana, cutting to nearly one-third the price 
of S4.00 per pound set by the Chilean monopoly. New uses for 
iodine are sought. Have you suggestions? 

Properties. All the halogens unite directly with phosphorus. 
Iodine and white phosphorus unite vigorously with the evolution 
of heat, and burst into flame. Several inter-halogen compounds 
such as I Cl and IF 6 are known but they are not very stable. 

Iodine dissolves in many organic liquids, such as chloroform, 
carbon disulfide, hydrocarbons (in all these with violet color), 
alcohol, and ether (in these two with brown color). Although 
only slightly soluble in water, it dissolves readily in an aqueous 
solution of sodium or potassium iodide: 

KI + I 2 «=* KI 3 

The potassium triiodide (KI 3 ) is a rich red in color and very 
soluble, but all efforts to separate it from solution fail. 
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Crystals of iodine in the open air volatilize. On heating cau- 
tiously, iodine changes rapidly into violet vapors without passing 
through the liquid stage (but it can be melted). Such a change is 
called sublimation. Iodine is sublimed to separate it from im- 
purities. 

Uses. Iodine finds application as silver iodide in photography, 
as iodides in medicine, and in the manufacture of some dyes. 
Iodoform (CHI 3 ) is a valuable antiseptic. Tincture of iodine, 
about a 3 per cent alcoholic solution of the element with some 
KI, is of great service in medicine as an antiseptic. As a labora- 
tory reagent in quantitative analysis iodine is well known. 

A small amount of an organic iodine compound, thyroxin, is 
found in the thyroid gland of man. Where we are deficient in 
this, goiter or cretinism develops. In certain areas the oiiginal 
iodides have been leached out of the soil — and goiter is preva- 
lent. Much “iodized salt” is sold in grocery stores (0.01 per cent 
Nal). It is also added to cattle feed. 


FLUORINE 

History and Preparation. As early as 1670 chemists knew 
that the mineral fluorspar (CaF 2 ), when warmed with concen- 
trated sulfuric acid, produced a gas that attacked glass. Not until 
1807 was the acid (HF in aqueous solution) prepared by Gay- 
Lussac. All efforts to release the element fluorine from this acid 
failed, due to the great activity of fluorine, until Moissan in 1886 
isolated it by electrolyzing a solution of potassium hydrogen 
fluoride in liquid hydrogen fluoride contained in a cooled 
platinum U-tubc. Today such electrolysis is carried out in steel 
vessels using graphite anodes and steel cathodes. 1 he liquid is 

fused KF-2 HF. n . 

A variety of fluorine compounds (both from fluorine and 
hydrofluoric acid) are available, some in commercial quantities 
and others only for experimental purposes. One important com- 
pound commercially available is sulfur hexafluoride. I his inert 
gas has a greater dielectric strength than any other known gas. I-or 
this reason it is a most promising gaseous insulating medium for 

high voltage applications. 
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Occurrence. Fluorine (F) is found as fluorspar (CaF 2 ), cryo- 
lite (Na 3 AlF 6 ), and apatite (CaF 2 -3 Ca 3 (PO.j) 2 ). Cryolite occurs 
in Greenland and is of great importance in the production of the 
metal aluminum. 

Properties. Fluorine, because of its great reactivity, is difficult 
to prepare and to keep. 

It has been observed that many children in western areas, 
wherever drinking water contains over two parts fluorine per 
million, develop mottled teeth. Methods of removing fluorine 
from water have been devised, such as treatment with tricalcium 
phosphate or bone ash. And yet a trace of fluorides seems to 
build up resistance to decay in teeth. 

A few cities are now putting one part per million of fluorine 
(as sodium fluoride) in their water supplies to lessen decay of 
teeth. Three times this much might cause mottled teeth. The 
experiments are being watched with interest. 

A hot glass rod will burn in an atmosphere of fluorine, forming 
fluorides, not oxides. Cotton, immersed in liquid fluorine, ex- 
plodes violently. 

The fact that fluorine is the most active clement makes its 
compounds exceptionally stable. This stability of organic com- 
pounds is now receiving great attention from industry and a 
rapid development in this field seems certain. 

Uses of Fluorine Compounds. Ammonium fluoride is a dis- 
infectant for brewery vessels. Sodium fluoride is an effective wood 
preservative and insecticide. Sodium hydrogen fluoride is much 
used in polishing granite. Magnesium silicofluoride (MgSiF 0 ) is 
soluble and finds use in hardening concrete. The mineral fluor- 
spar, C'aFo, is essential as a flux in making open-hearth steel and 
is used in making white opaque glass and enamels. Melted 
fluorides are used in the electrolytic manufacture of aluminum 
and, possibly, of magnesium. A fluocarbon plastic is highly 
resistant to chemical attack. 

Hydrofluoric acid and its acid salts arc used in etching glass 
(electric light bulbs, apparatus, etc.) ; the gas hydrogen fluoride is 
used as a catalyst in the petroleum industry; and the acid in 
preparing fluorides. 
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Antimony trifluoride, SbF 3 , is an important catalyst for a num- 
ber of organic reactions and is used in making “Freon,” CF.Cl-., 
the non-toxic, non-inflammable liquid used in the refrigerators of 
many households and all submarines. Freon (liquid, under pres- 
sure) is the solvent for pyrethrum used by the Army and Navy in 
warfare on mosquitoes. The finely-divided spray or mist formed 
when pressure is released in such a “bomb” is extremely effective. 

The Halogens Compared. Iodine is a solid at room tempera- 
tures, bromine a liquid, and chlorine and fluorine arc gases. At 
0° chlorine dissolves in 100 ml. of water to the extent of 1.49 g., 
bromine 4.3 g., and iodine 0.32 g. Fluorine reacts rapidly and 
completely with water to form hydrogen fluoride and oxygen. 


Exercises 

8. Calculate the weight of chlorine obtained by complete interaction of 
(a) manganese dioxide, ( b ) potassium permanganate, on 200 g. ol sodium 
chloride in the presence of an excess of sulfuric acid. 

9 . How much potassium bromide (95 per cent pure) is necessary for the 
preparation of 150 g. of bromine? 

10 . What volume of bromine vapor at 100“ C. and 760 mm. can be produced 
from 24 ml. of liquid bromine? The density of liquid bromine ,s 3.1- it. 

per ml. at 20°. 

11 . What volume of chlorine at 10” and 750 mm. will be required to displace 
all the bromine from 618 ml. of a 0.5 normal solution of sodium bromide. 

12 . How could you extract free iodine from a sal. brine containing a very low 

concentration of sodium iodide? 

13 . Must the iodide ion be oxidized or reduced to convert i. into free iodine. 
Explain. 

14 . What is the chief use of bromine? 

15 . List the halogens in order of decreasing tendency to take up .(gam or 

“steal”) electrons from some outside source; i.e., put irs i< >« - 

gains an electron most readily and last the one that gams an electron leas 

readily. 

16 . Give an illustration of “counter current” reactions. 
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Chapter iy the simple halogen 

acids 


HYDROGEN CHLORIDE 

Priestley first made the anhydrous gas, hydrogen chloride, in 
1772. Its water solution was called “muriatic' acid and is still so 
referred to commercially. Very few uses for the acid were devel- 
oped until it became cheap as a by- 
product of the Le Blanc soda proc- 
ess. A little hydrochloric acid is 
found in the gastric juice of the 
stomach where it serves as an acti- 
vator of pepsin. 

The most used laboratory and 
commercial method of preparation 
is the treatment of any suitable chlo- 
ride (sodium chloride is the cheap- 
est) with concentrated sulfuric acid. 

In practice there is less frothing if 

the acid is slightly diluted. As shown ^ ?8 Prcparation of hydro _ 
in Fig. 78 the delivery tube should chloric acid, 

barely touch the surface of the water. 

The gas is so soluble that otherwise water might rush back into 
the generator. 

(1) NaCl + H 2 S0 4 — ► NaHSO, + HC1 

If an excess of salt is used and the temperature raised, the re- 
action is somewhat different: 

(2) 2 NaCl -I- H 2 SO 4 — ► Na 2 SO» + 2 HC1 

189 
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In (1) sodium hydrogen sulfate is formed and in (2) sodium 
sulfate. The hydrogen chloride escapes as a gas because it is 
insoluble in the concentrated sulfuric acid. 

The conditions of (1) are radically changed when dilute 
sulfuric acid is used: 

NaCl + H 2 S0 4 ^ NaHSO< + HC1 

The reaction is reversible because there is sufficient water to dis- 
solve the hydrogen chloride. Since it is then in good contact with 
the sodium hydrogen sulfate, there is nothing to hinder reaction 
to the left. No gas escapes. This is an impossible method for 
securing the evolution of hydrogen chloride. 

Any soluble metallic chloride serves as a source of hydrogen 
chloride. The acid used with the metallic chloride must not react 
with the desired hydrogen chloride as would nitric or any other 
oxidizing acid. Phosphoric might seem as good as sulfuric acid, 
since it also has a higher boiling point than most acids, but un- 
fortunately it reacts too slowly. Sulfuric acid is always used 
because it is cheap, is less volatile than hydrogen chloride (or 
most acids, in fact), and docs not react with hydrogen chloride. 

Exercise 

1 . Complete: FcCI 2 -j- dilute H 2 S 0 4 — * 

FcClj + cone. H ; SC>4 — 

K.CI + H3PO4 — 

NaCl + HBr — 

AlClj -f- cone. H3SO4 — » 

The chlorides of some non-metals react with water to form 
hydrogen chloride. This is an example of hydrolysis: 

/ Cl H OH 

P— Cl + H OH — > P(OH), + 3 HC1 
^Cl HOH 

The simplest method, in principle (although not in practice), 
to make hydrogen chloride is the burning of chlorine in an atmos- 
phere of hydrogen. Combustion takes place as truly as in the 
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oxyhydrogen blowpipe. Much pure hydrochloric acid is now 
made commercially by this method in order to utilize the hydro- 
gen escaping as a by-product in the electrolytic manufacture of 
chlorine and sodium hydroxide from NaCl. 

Great quantities of hydrogen chloride are formed as by- 
products of the chlorination of hydrocarbons. 

Thin -walled tubes of tantalum are coming into use as containers for the 
absorption of hot HC1 gas in water to yield high-strength acid. Tantalum has 
great resistance to acid corrosion, a high melting point, and a high rate of heat 
transfer (important in cooling the hot acid). 


Physical Properties. Hydrogen chloride is a colorless gas with 
a choking odor, and is enormously soluble in water. II the upper 
flask in Fig. 79 is filled with hydrogen chloride gas, the introduc- 
tion of a very little water from below creates a 
partial vacuum. The gas dissolves quickly' in the 
water and more water rushes in. One volume of 
water dissolves 455 volumes of the gas at 1 5 and 
760 mm. The solution is called hydrochloric 
acid. The gas “fumes” in moist air by conden- 
sing the invisible moisture into visible droplets 
of solution. The gas is somewhat heavier than 
air; one liter weighs 1.642 g. at standard con- 
ditions. At 0° it is liquefied by 28 atmos- 
pheres’ pressure, but at —84° C. one atmosphere 
liquefies it. This is, then, its boiling point. It 
freezes at -112.5° C. and its critical tempera- 
ture is 52° C. 

When a concentrated solution of hydrochloric 
acid is heated it loses hydrogen chloride more 
rapidly than water until the concentration falls 
to 20.24 per cent at 760 mm. pressure. Then 
the rest of the liquid distills unchanged at 
108.58°. This product is called the acid of 
consfimf boiling point. If very dilute hydrochloric acid is boiled, 
steam passes off more rapidly than hydrogen chloride, until the 
concentration rises to 20.24 per cent. This does not indicate the 



Fig. 79. Hydro- 
gen chloride foun- 
tain. 



192 


THE SIMPLE HALOGEN ACIDS 


existence of a compound of hydrogen chloride and water, 
for by merely changing the pressure the composition of the 
distillate changes. 

The concentrated “chemically pure” acid of commerce has a 
specific gravity of 1 .2 and contains 37 per cent hydrogen chloride 
and 63 per cent water by weight. 

2. How many grams of the gas in 850 ml. of “C. P.” hydrochloric acid? 


Chemical Properties. As a dry gas hydrogen chloride is not 
very active, but in water solution it ranks as one of the “strongest” 
acids. Like all acids, its solution is sour and turns blue litmus 
paper red. 

The metals more active than copper displace hydrogen from 
hydrochloric acid : 

Fe + 2 HC1 -> FeCl 2 + H 2 

Oxides of the metals react with it to form water and a chloride 
of the metal: 

Ca|o 4- 2 H Cl -> H*0 + CaCl 2 

Hydroxides of the metals (bases) react with hydrochloric acid to 
form water and metallic chlorides: 


Na OH + H Cl -> H .O + NaCl 


Ca (OHV> + 2 HIC1 


2 H.O + CaCl 2 


The base and acid can be mixed in such proportions that the 
solution is no longer sour or soapy, nor docs it affect litmus. We 
say the acid has neutralized the base and vice versa. 

Nitric acid oxidizes hydrogen chloride into water and chlorine. 
Another product, nitrosyl chloride, NOC1, is also formed: 

HNOa + 3 MCI -> 2 HoO + NOC1 + Cl 2 


A mixture of three volumes of concentrated hvdrochloric acid 

# 

and one volume of concentrated nitric acid is called aqua regia 
because it dissolves gold. 

That hydrogen chloride is a reducing agent is shown by the 
fact that it can be oxidized. 
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Uses Hydrochloric acid is used to form many chlorides. Many 
metals, all metallic oxides and hydroxides, and some salts ireact 
with it to form chlorides. Carbonates and sulfites of the metals 
(see below) all react with hydrochloric acid to form chlorides: 

Ca + 2 HC1 — » Ho -f CaCl 2 
CaCOa 4- 2 HC1 — > H>0 + CO > + CaCl 2 
Na.,SOa + 2 HC1 - H.O + SO, + 2 NaCl 
AgNOa + HC1 -> HNOa + AgCl 

In the fourth reaction the silver chloride formed is only slightly 
soluble and therefore precipitates when formed in a solut om 

It is one of the three metal chlorides msolub c in t c 

two being mercurous chloride and lead chloride, this ■> «orth 

re S2ic acid is used, also, to clean metals (reacting with 
the oxides). For all purposes eve use 400,000 tons >eai . s , . 1 

lated as 100 per cent. A recent application » found in 
method of opening up oil-bearing limestone strata. 

Hydrogen chloride reacts with rubber to form chlorinated 
rubber.” This can be worked into flexible, transparent films and 
sheeting that are very useful in preserving Iresh fi ^ 

Test. A solution that turns blue litmus red and ' 1 ^ 

nrecinitate of silver chloride when silver nitrate is added inched 
the presence of hydrogen chloride. As a gas it can be detected by 

reddening of moist blue litmus paper. 

HYDROGEN BROMIDE, HYDROGEN IODIDE, AND 

HYDROGEN FLUORIDE 

, * 'A* nr HRr and HI resemble HC1 

fluoride in a lead vessel, because glass is attack . 

CaF 2 + HtS0 4 -> CaS04 + 2 HF 
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The simple formula, HF, represents hydrogen fluoride above 90° as a gas 
or in dilute solution. In liquid form H 2 F 2 and higher polymers are present. 

In the complex anion, HF 2 — , from K.HF 2 , the hydrogen atom 
probably acts as a “hydrogen bond,” to hold the two fluorine 
atoms together. 

KHF 2 -> K+ + HF 2 - : F : H : F : 

• • • • 

We might reasonably expect hydrogen bromide to be produced 
by the treatment of a bromide with concentrated sulfuric acid: 

(1) NaBr + H 2 S0 4 -> NaHSO* + HBr 

Yet when we do this we observe a red -brown gas in addition to 
the colorless, fuming hydrogen bromide. A paper wet with starch 
and potassium iodide solutions turns blue and from this and the 
color and the peculiar, irritating odor we decide that bromine 
was released. The hydrogen bromide is evidently oxidized by the 
concentrated sulfuric acid. When rather dilute sulfuric acid is 
used, no colored gas escapes and no color appears. The reaction 
is reversible (as with chlorides) because of the great solubility in 
water of hydrogen bromide. But it is noteworthy that no red- 
brown color can be seen — dilute sulfuric acid is not an oxidizing 
agent. With concentrated acid equation (1) is followed by (2): 

(2) 2 HBr 4- H 2 SO 4 -> 2 H 2 0 4- S0 2 + Br 2 

Each molecule of hot, concentrated H 2 SO 4 loses one oxygen atom 
to the hydrogen of the hydrogen bromide and leaves H 2 SO 3 , 
which is unstable, yielding H 2 0 + S0 2 . 

Pure hydrogen bromide can be made by warming a bromide 
with phosphoric acid: 

KBr + H 3 PO 4 -> KH 2 P0 4 + HBr 

because phosphoric acid is not an oxidizing agent. Like sulfuric 
acid it has a high boiling point. 

We might have expected also to make hydrogen iodide by 
warming an iodide with concentrated sulfuric acid: 

Nal 4- H 2 SO 4 -> NaHS0 4 + HI 
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Very little fuming in moist air shows the presence of but little 
hydrogen iodide. Much violet vapor is evolved that proves to be 
free iodine. As with the bromide, concentrated sulfuric acid 

oxidizes the hydrogen iodide: 

2 HI 4- H »S0 4 — » 2 HoO + S0 2 + I 2 

A vile odor of rotten eggs indicates the presence of hydrogen 
sulfide (H 2 S), so some molecules of sulfuric acid must have given 
up all four oxygen atoms for the work of oxidation. This really 
means that hydrogen iodide is a more vigorous reducing agent 

than hydrogen bromide: 

8 HI + H 2 SO< -* 4 H 2 0 + 4 Ij + H 2 S 

Therefore we discard the sulfuric acid method as unsuitable for 
hydrogen bromide or iodide. Phosphoric acid would be excellent, 
as it is not very volatile and is not an oxidizing acid, but unfor- 
tunately the action is too slow. 

There is no oxidation of HBr if a slightly diluted solution of H 2 SO. isjixed 
with a saturated aqueous solution of KBr and warmed. A similar method 

to make pure HI. 

The difference in the ease of oxidation of hydrtodic acid and 
hydrobromic acid is shown by the fact that at 100° a per cen 
solution of sulfuric acid will oxidize the hydnodic acid * 
70 per cent sulfuric acid is necessary for oxidation of hydro 

“ Uiaski. M.lhod. The red rho.pl.™ .-hod 
of preparation of hydrogen bromide and iodide, however, serves 
us very well. It is recalled that chlorine and phosphorus unite to 
form a chloride, PCI 3 , that is hydrolyzed by water: 


PCb + 3 H 2 0 
PBr 3 + 3 H 2 0 
PI 3 + 3 H 2 0 


P(OH) 3 + 3 HC1 
P(OH) 3 + 3 HBr 
P(OH) 3 + 3 HI 


/ 


Cl H 
Cl + H 


OH 

OH 


3 HC1 4- H 3 PO 3 


Cl HOH 
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The tribromide (made with great caution) reacts with water 
in similar fashion. 

The Electronic Balancing of Oxidation and Reduction Equations. As 

stated before, oxidation is the loss of electrons and reduction the gaining of electrons. 
Naturally, when one substance oxidizes a second substance the number of 
electrons lost by the substance oxidized must equal those accepted by the 
oxidizing agent. This is readily shown in the following equation where iodine 
loses electrons to sulfur (in the concentrated H_>S0 4 ): 

8 HI + H*SO« — 4 H>0 + 4 I 2 + H 2 S 



In this diagram one may designate the electron as e or ( — ). 

3. How would you make CaBr 2 five ways? How would you make Nal five 

ways? Compare with pages 192 and 198. 

From the foregoing discussions it is clear that we have not 
oxidized hydrogen fluoride at all by any reagent; that hydrogen 
chloride is not oxidized by concentrated sulfuric acid but can be 
attacked by several better oxidizing agents; that hydrogen 
bromide is so easily oxidized that even hot concentrated sulfuric 
acid docs it; and that hydrogen iodide is still more easily oxidized. 
A solution of hydriodic acid soon turns red because free iodine 
is formed: oxygen of the air reacts with part of the hydriodic 
acid. 

It is a general principle that compounds with high heats of 
formation are thermally most stable. 

d 

Heat of formation of HF is 38,600 cal. 

Heat of formation of HC1 is 22,000 cal. 

Heat of formation of HBr is 8,400 cal. 

Heat of formation of HI is 6,000 cal. 

As may be inferred from the above table, HI is the most readily 
decomposed. In general the four simple halogen acids resemble 
each other, differing mainly in ease of oxidation, HI being most 
readily oxidized. 

The Catalytic Formation of Halogen Acids. That the halo- 
gens arc made more reactive by contact with carbon is indicated 
by the passage of a equi-molar mixture of H 2 and Br 2 gases over 
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ultraporous charcoal at 200°. Fully 99.3 per cent of the gases 
unite to form HBr. Without the carbon practically no reaction 
takes place. The formation of HC1 and of HI is similarly cata- 
lyzed by carbon. Platinum also is an effective catalyst for these 

reactions. 

Uses of the Acids. Hydrochloric acid is used in the preparation 
of metallic chlorides, and in the removal of oxide scale from steel 
about to be tinned or galvanized. Hydrobromic and hydnodic 
acids have little commercial use, but hydrofluoric acid is valuable 
because it etches glass. Common glass is a mixture ol the silicates 

of sodium and calcium: 

Na»Si0 3 + 6 HF — * 2 NaF + SiF 4 + 3 H .O 
CaSiOa + 6 HF — > CaF* + SiF 4 + 3 H a O 

Bottles, thermometers, etc., are marked by covering with a film 
of paraffin, cutting through a design, and then exposing t ic 
vessels to the fumes or the liquid acid. The wax is not attacked 
but the glass is etched where the scratches expose it. Later the 
vessel is washed and the wax melted. A 30 per cent solution of t le 
acid commonly is used. Rubber, lead, bakelite, or ceres.n-wax 
bottles are the common containers, since this acid cannot be kt pt 

in glass bottles. „ . 

This acid is used in aiding glass polishers to make cut glass, 

in cleaning sand from metal castings, and in removing silica horn 

straw used for hats so as to make the straw more flexible. T ic 

action on silica or sand is: 

SiO, + 4 HF -> 2 H >0 + SiF 4 

Anhydrous liquid hydrogen fluoride now has considerable use 
as a catalyst in the petroleum industry, in the manufacture o 
“Freon” and for certain secret military purposes. In he liquid 
form HF is not the correct^ formula but some multiple of it, a 

“polymer.” It boils at 19.4 C. 

Hydrofluoric acid is also used in preparing synthetic cryolite 

(a mineral found only in Greenland and necessary in the elec- 
trolytic preparation of aluminum). Since this minera ,s a double 
fluoride of sodium and aluminum it obviously may be prepared 
from Na 2 CO., and Al(OH)j. What are the equations. 
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Tests for the Halogens. Free chlorine is recognized by its 
odor, its yellow color, and its ability to displace iodine from any 
soluble iodide: 

2 KI 4 Cl 2 -> 2 KC1 4- I 2 

If starch is present, the free iodine with the starch forms a blue 
compound (or solution). 

Free bromine is known by its red-brown color, its odor, and its 
ability to displace iodine from any soluble iodide. The usual blue 
color with starch is produced: 

2KI+ Br 2 -* 2 KBr 4 I 2 

Free iodine, with its violet-black color and its formation of a 
blue color when in contact with starch, is easily recognized. 
Furthermore, its solution in carbon disulfide shows a beautiful 
violet color. 

A soluble chloride reacts with a solution of silver nitrate to give 
a white precipitate of silver chloride, that darkens in the light. A 
soluble bromide with silver nitrate gives insoluble yellow-white 
silver bromide. A soluble iodide with silver nitrate precipitates 
canary-yellow silver iodide. Furthermore, chlorine water dis- 
places bromine from a bromide and iodine from an iodide. 

Preparation of Salts. Illustrations of various methods of pre- 
paring salts are: 

1. Ca -J- Cl 2 — * CaCU 

2. Ca -f 2 HC1 — > H > 4 CaCl 2 

3. CaO -f 2 HC1 -> H.O 4 CaCl 2 

4. Ca(OH) 2 + 2 MCI 2 H 2 0 4 CaCl 2 

5. CaC0 3 4 2 HC1 -> H .O 4 C0 2 4 CaCl 2 

6. CaS0 3 4 2 HC1 H 2 0 4 S0 2 4 CaCl 2 

7. Melt CaO 4 Si0 2 — > CaSiOs 

8. CaO 4 S0 3 — > CaS0 4 

9. CaCl 2 4 Na 2 S0 4 -> 2 NaCl 4 CaSO, | 


Exercises 


4. When hydrogen chloride (in solution) is electrolyzed, equal volumes of 
hydrogen and chlorine arc obtained. Also when equal volumes of hydrogen 
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and chlorine are combined, two volumes of hydrogen chloride are formed. 
How docs this confirm Gay-Lussac’s Law? 

5. Balance: 

PbO 4- HC1 — 

Pb 2 0 3 + HC1 — 

Pb 3 0 4 + HC1 -» 

PbO. + HC1 — 

MnO 4" HC1 —* 

MnjOj 4- HC1 —* 

MnjOt 4" HC1 — * 

MnO . 4- HC1 -» 

Na 2 C0 3 4" HC1 — * 

Ni 2 0 3 4- HCI — 

KOH 4- HCI — 

Ba(OH) 2 4- HBr - 

6. How many liters of chlorine are released by heating 72 kg. of red lead, 
Pb s O„ with enough hydrochloric acid to complete the reaetton. 

7. Make zinc chloride five ways. Equations. Make zinc sulfate four ways. 
Give four general methods of preparing any salt desired. 

8 Suppose you wished to prepare 650 g. of hydrobromic acid solution con- 
' taining 9 per cent by weight of HBr. Calculate the we.ghts of the vanous 
compounds that you would use in its preparation. 

9. How much (a) calcium sulfate and (4) hydrogen fluoride are formed by 

heating 42 g. of fluorspar with sulfuric acid? 

u r»f a little HBr eas in the air of the laboratory. 

10. You suspect the presence oi a little nor ga 

How could you prove that it is present? 

11 Calculate the volume of 0.5 M sulfuric acid required for reaction w 
each of the following: 68 g. calcium oxide: 30 g. magnesium oxide, 

125 g. aluminum oxide. . 

,2. Suppose that — a 

propmie^T'the “Doline” <Oo) and the acid 

hydrogen dolide or hydro-dolidic acid (HDo). 

13. Make a four-column chart ^ 

r n. - ^ ... - 

and iodide (white solids as given 
“• " ole addition of concentrated sulfuric acid. 

15. Name some uses of HF. 
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NOMENCLATURE 


HC1 Hydro- 
chloric 
Acid 

HOC1 Hypo- 
chlorous 
Acid 

HClOa Chlorous 
Acid 

HClO j Chloric 
Acid 

HCIO, Per- 
chloric 
Acid 


NaCl Sodium 
Chloride 

NaOCl Sodium 
Hypo- 
chlorite 
NaC10 2 Sodium 
Chlorite 
NaClOj Sodium 
Chlorate 
NaClOi Sodium 
Perchlo- 
rate 


HBr Hydro- 
bromic 
Acid 

HOBr Hypo- 

bromous 

Acid 

HBrOa Bromic 
Acid 


HI Hydriodic 
Acid 

HOI Hypoiodous 
Acid 

HIO3 Iodic Acid 

HIO< Periodic 
Acid 


Chlorine and iodine do not combine directly with oxygen, but 
their oxides can be made by indirect methods. Bromine has no 
oxides, and fluorine forms no oxygen acid. 

Hypochlorous Acid. The key reaction of this entire chapter 
has been studied in the chlorine chapter: 

W Cl 2 + HoO «=i HC1 + HOC1 

I his is shown to be a reversible reaction by tests for acidity and 
for the presence of free chlorine. The presence of dissolved 
chlorine ,s indicated by the yellow color of the mixture and by the 
odor. I he hypochlorous acid (HOC1) is a powerful oxidizing 
agent and so the equilibrium is disturbed toward the right by the 
presence of any oxidizable substance. Addition of a base also 
disturbs the equilibrium toward the right by conversion of the 
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two acids into salts. (The equilibrium condition in bromine 
water is disturbed in similar manner by addition of a base.) 


(2) 

(3) 


NaOH + HC1 
NaOH + HO Cl 


HoO + NaCl 
HoO + NaOCl 


In other words there is no free chlorine left in the solution after 

sufficient base has been added. „ 

If to the mixture represented by equations (2) and (3) suffi- 
cient dilute sulfuric acid is added, both hydrochloric and hypo- 

chlorous acids are formed : 


(4) 

(3) 

(6) 


NaCl 4~ H2SO4 
NaOCl 4~ H 2 S0 4 
HC1 -f HOC1 


NaHSOi -1- HC1 
NaHS0 4 + HO Cl 
H2O 4“ Cl •> 


Reaction (6) inevitably follows (4) and (5). It is simply the 
reverse of (1). It is no wonder that chlorine can be detected at er 
acidifying Javelle water (a solution of NaOCl and NaCl (see 

Pa Hyp 7 ochlorous acid is a more energetic oxidizing agent than 
oxygen. It bleaches by the oxidation of coloring matter and kills 
bacteria by oxidation. It will even decolorize iodine water In 

oxidation. Equations? . , , 

On being concentrated too far this unstable add decomposes 

into water and its anhydride, chlorine monoxide: 

2 HOC1 «=* H .O 4- C1>0 

The sodium salt is also rather unstable but a mixture with irisodium pho, 
phatc is fairly stable. 

An anhydride of an acid is an oxide that reacts with water to 
form the acid and it may be represented by the fo.mu U o 
acid less the elements of water. SOs is the anhydride o^ H,SOw 
To get the anhydride of nitric acid we must subtract HsO f.oi. 

2 HN0 3 . 

Exercise 

1. What is the anhydride of carbonic acid (H,CO,) ? Of phosphoric acid 
(H3PO4)? Of sulfuric acid.-’ 
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In the chlorine chapter we learned that hypochlorous acid 
decomposes slowly in the sunlight: 

2 HOC1 -> 2 HC1 + 0 2 

The free acid decomposes in another way, as shown by the equa- 
tion below: 



H O Cl -> 2 HC1 + HC10 3 
HO Cl 

The sodium salt reacts in similar fashion, especially in a hot, 
concentrated, slightly acid solution, and sodium chlorate is 
formed rapidly: 

3 NaOCl — > 2 NaCl + NaC10 3 

This remarkable reaction reminds us of three brothers, each too 
poor to boast. But two self-sacrificing ones gave all their money 
to the third, enriching him to a degree that brought luster to the 
family name. This is most absurd, but gives a clear parallel to 
the auto-oxidation of the 3 NaOCl. 

Potassium chlorate, useful as a solid oxidizing agent in fire- 
works and matches, is formed in similar fashion. 

2. In what three wavs can hypochlorous acid decompose? 

Bleaching Powder. Lime (slaked into the hydroxide) may be 
used instead of sodium hydroxide to react with chlorine and, if 
this is done in the nearly dry form, a bleaching powder results. 
Tennant in Scotland, by the first use of bleaching powder (1799), 
changed the time for textile bleaching from months to days, 
later to hours. 

Bleaching powder is sometimes called “chloride of lime,” 
which should refer only to CaCL. It was once thought to be a 
mixture of an equal number of molecules of CaCl 2 and Ca(OCl) 2 . 

In 1935, by X-ray pictures, it was shown that bleaching 
powder is a mixture of basic calcium chloride and basic calcium 
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hypochlorite. CaCl 2 Ca(OH) 2 + Ca(OCl) 2 - Ca(OH) 2 represent 
the proportions: 

H 2 0 + Cl 2 ^ HC1 + HCIO 


Ca 


Ca 


yOH 

/OH 

->Ca< 

'Noh + H Cl 

\ci 

Joh + h|cio 

/CIO 

->Ca< 

\qh 

■OH 


-f" H2O 


+ HoO 


The best modern laundry practice discourages the direct use of 
bleaching powder and uses Javelle water made by the reaction 
between bleaching powder and sodium carbonate in solution 
The insoluble calcium carbonate is filtered oil leaving NaOCl 
and NaCl in solution. Equations? 

3. Electrolyze a solution of NaCl in a beaker while stirrin S and evaporate to 
dryness. What have you? Remember that in making chlorine and 
hydroxide we try to keep the anode and cathode solutions separated by a 

porous membrane. Also read page 209. 

Chlorous Acid. This acid, HCIO., is of little interest but its 
salt, sodium chlorite, has just come into commercial production 
as a safe bleaching agent for textiles, paper, straw, and flour 
with certain advantages over common bleaching powdu. I 

docs not weaken fibers. ... m n\r\ 

When chlorine is passed over dry sodium chlorite, NaClO. 

chlorine dioxide gas is formed. It has times 

power of chlorine. 

2 NaC10 2 + Cl, 2 NaCl + 2 CIO* 

Chlorine dioxide is now used for bleaching (lour, starch, soap 
paper and textiles. It also improves the taste and odor of pubi c 
water supplies and checks blue mold in citrus fruits. It is unstable 

and must be prepared as needed. . . 

Chloric Acid. One of the most important of the oxygen acids 

of the halogens is chloric acid (HCIO,). a powerful oxidizing 

agent. It can be made by the action of dilute sulfuric acid on any 
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chlorate, perferably barium chlorate, because the by-product, 
barium sulfate, is insoluble and can be filtered off : 

Ba(C10 3 ) 2 + H 2 S0 4 -> BaS0 4 + 2 HCIO 3 

Addition of concentrated sulfuric acid to chlorates is danger- 
ous, for the chloric acid formed is dehydrated yielding chlorine 
dioxide gas (explosive when hot) : 

3 HCIO 3 -* HCIO, + 2 C10 2 + H.O . 


The structural formulas of the oxygen acids of chlorine are 
worth noting. 

Chlorous Acid Chloric Acid Perchloric Acid 


Hypochlorous Acid 


o 


✓ 


o 


H— O— Cl H — O — Cl— O H— O— Cl^ o H— O— Cl^O 


: O : : O : 

H : 6 : Cl : H : 6 : Cl : H : O : Cl : 6 : H : O 


O 

• • 

O : 

• • • • 

Cl : O : 
• • • • 

O : 


When the outer electrons are written as above it is seen that, 
aided by sharing pairs, the chlorine and oxygen atoms have 
completed outer shells of eight. So far we have considered the 
valence number of chlorine as one, but here we see that it may 
also be three, five, or seven. Chlorine heptoxide (C1 2 0 7 ) indicates 
a valence number of seven as it should be in the anhydride of 
perchloric acid. Of what acid is I 2 O s the anhydride? 

Chlorates. More important than chloric acid is its potassium 
salt (KCIO3). This finds use as a convenient laboratory source 
of oxygen and in the manufacture of fireworks, matches, dyes, 
and explosives. It is such an effective source of oxygen that the 
results of its use are often startling and sometimes dangerous. 

It is interesting to drop a splinter into a test tube one-third full of melted 
potassium chlorate. So vigorous is the oxidation of the wood that it burns bril- 
liantly under the liquid, flames shoot out of the tube, and some spattering of 
hot liquid may result. Were the wood finely divided as sawdust or used as 
powdered charcoal, a dangerous explosion would result. 
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The most modern method of manufacture is to electrolyze po- 
tassium chloride, letting the solutions at the anode and cathode 
mix. This first produces the hypochlorite, but if the solutions arc 
hot and concentrated the chlorate is the final product. 

The Perchlorates. The perchlorates are prepared elcctrolyti- 
cally by electrolysis of 60-70 per cent solutions of sodium hypo- 
chlorite, using iron cathodes. Anodic oxidation at high current 
density against smooth platinum anodes is the explanation of the 

change. _ . . 

The most surprising property of perchloric acid and its salts is 

their comparative stability. Especially is this true of the per- 
chlorates of Na, K, Ba, Sr, and Ca. Sodium chlorate is in exten- 
sive use as a weed killer but it is dangerous when mixed with 
oxidizable dust. The perchlorate is urged as a safer substitute 
yet the use of 70 per cent perchloric acid in the analytic oxidation 
of organic material has caused explosions. Hot concentrated 
perchloric acid is a powerful oxidizing agent and dehydrating 
agent. With proper precautions, its use is reasonably safe. 

The Bromates and Iodates. Bromates and bromic acid, 
HBr0 3 , are similar to the chlorates and chloric acid. Sodium 

iodatc is NaI0 3 . 


Exercises 

4. Suppose you electrolyzed 450 g. of potassium chloride in an apparatus so 
arranged that the chlorine set free at the anode would react with the potas- 
sium hydroxide formed at the cathode. What weight of potassmm chlorate 
would be formed on boiling the solution to dryness? 

5. When sufficient NaOH or other base is added to bromine water the red color 
disappears. Explain. Color reappers on acidifying. Why? 

6. Why is it dangerous to add concentrated sulfuric acid to several grams of 

potassium chlorate? 

7. Make out a list of all the oxidizing agents mentioned so far. Also a list of all 
the reducing agents. 

8. If a mixture of sulfur and potassium chlorate were ignited (don't do 
what reaction would probably take place? 

9. A water solution of chlorine is kept on the desk for a year in a clear glass 
bottle. What docs it then contain? 
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Occurrence of Sodium. There is about as much sodium as 
potassium in the earth's crust, but most sodium minerals are 
soluble, whereas soluble potassium minerals are scarce. Sodium 

chloride is the starting point for most of 
our prepared sodium compounds. There 
arc also important deposits of sodium 
nitrate, sodium sulfate, sodium carbonate, 
borax, and albite feldspar. 

Preparation. Sir Humphry Davy was 
the first to prepare sodium. He electrolyzed 
moist sodium hydroxide and collected the 
metal at the cathode. In the same year 
(1807) he made potassium from its hy- 
droxide. The high cost of electricity for 
many years hindered the commercial de- 
velopment of Davy’s discovery. During 
this period the metal was prepared by re- 
duction of the carbonate or hydroxide: 



I*ig. HO. Preparation of 
sodium by electrolysis of 
fused dry sodium hy- 
droxide. 


Na 2 C0 3 + 2 C->3 CO -f 2 Na 

With cheap electricity Davy’s method 
was revived, in modified form. Castner’s 


method, not much used now, is to electrolyze fused sodium 

hydroxide in an iron vessel with the cathode (an iron rod) 

under a bell or inverted iron box (Fig. 80). The metal floats 

to the surface under this bell and is protected from the air 
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by the hydrogen which is also liberated at the cathode. From 
time to time the hydrogen escapes by lifting the lid of the bell. 
Oxygen is released at the iron anodes. A wire gauze keeps the 
drops of sodium in the cathode compartment. Good commercial 
practice calls for a temperature as close to the melting point of 
the hydroxide (300°) as possible. At 325° the sodium is lost by 

reaction with the hydroxide. 

2 Na + 2 NaOH —* H 2 + 2 Na 2 0, 


while at 300° the yield is good. 

Sodium hydroxide melts at 300° and sodium chloride at 800 , 

so it is evident why the hydroxide is electrolyzed more easily. 

The Downs electrolytic cell is now much used for production 
of metallic sodium. In construction it is rather similar to the old 
Castner cell but in operation differs, for the fused electrolyte ,s 
sodium chloride to which has been added enough sodium carbon- 
ate to lower the melting point from 800° to 600 . 

The growing demand for metallic sodium is evidenced by its 

present shipment in tank cars containing several tons. The world 

uses many thousands of tons yearly. . . 

Sodium is more than a “laboratory” chemical. It is an im- 
portant commodity for use in a number of large-scale mdus nal 
processes. It finds commercial use in the manufacture of heavy 
and fine chemicals, dyestuffs such as indigo, anti-knock co 

pounds, and in metallurgy. .. , 

Properties. Sodium is silver-white, soft, and lighter than 

water. P It melts at 97.6“ and boils at 880“. Sodium ts very active 

chemically, and reacts violently with water. In a milder way 

displaces hydrogen from alcohol. 


2 H 2 0 + 2 Na 
2 C 2 H & OH + 2 Na 


2 NaOH + H 2 
2 C>H 6 ONa + Ho 


It slowly unites with oxygen at room temperatures and burns ff 
heated in oxygen or air forming bo, It the monoxide Na.O S and 
the peroxide, Na.O, With the halogens reaction rcadUy occurs. 
Also it reacts with ammonia, NH„ to form sodam.de, NaNHz. 
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Sodium amalgam is a solution of sodium in mercury (really an 
alloy). With plenty of sodium the solution is a solid. Its action 
on water is moderated by the mercury, so the alloy is a useful 
reducing agent. An alloy of lead and sodium is quite similar and 
is used in the manufacture of ethyl fluid for gasoline. 

Sodium Hydroxide, NaOH. This important substance is a 
white, brittle solid. It is very soluble in water and is quite deli- 
quescent. Sticks of sodium hydroxide exposed to the air rapidly 


Copper Bus 

Cl 2 


Copper Terminal 
at End of Cell 



Perforated 

Steel 

Cathode 


Asbestos 

Diaphragm 


Steel Tank 

Brine 

Catch Basin 
Caustic Solution 


fig. 81. Nelson cell for the preparation of sodium hydroxide. 


take up water and carbon dioxide. For this reason it is often used 
in analysis as a drying agent and to absorb carbon dioxide. To 
purify the hydroxide it is sometimes dissolved in alcohol. Any 
carbonate present remains undissolved. Much sodium hydroxide, 
neatly hall the total, is made commercially by treating boiling 
soda solutions with slaked lime in some excess: 

Na-.C0 3 + Ca(OH), — > CaC0 3 + 2 NaOH 
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The precipitated calcium carbonate is filtered off, calcined to 
form more lime, and the filtrate is concentrated. The leading 
commercial method is the electrolysis of sodium chloride solu- 
tions and by this method nearly 1,600,000 tons have been pro- 
duced in a recent year. The total for the two methods is 

2,600,000 tons. 

The Nelson cell (Fig. 81) is one of the leading cells. It is of the diaphragm 
type. The graphite anodes, where the electric current enters the cell, are 
separated from the cathode, a perforated steel plate, by a porous diaphragm ol 
asbestos. An inverted box of slate over the anodes collects the chlorine. I he 
cell body is a steel tank with an outlet for the sodium hydroxide solution. A 
current of steam may be led through the cathode compartment to speed up 
diffusion. Salt brine flows steadily into the anode compartment. The outflowing 
solution contains 10 to 12 per cent sodium hydroxide and 14 to 16 per cent salt, 
which is precipitated by partial evaporation. This is a simple matter because 
salt is much less soluble than the hydroxide. The cells are rated at 1000 amperes 
and the voltage drop averages 3.7 volts. At least 2.3 volts are required to secure 

any decomposition of sodium chloride in water. . , 

In the diagram an inlet at the top for salt brine and an outlet for hydrogen 

gas evolved are understood. 

If the sodium hydroxide were no, steadily removed i, would .rtf be vie- . o- 
lyzcd (wasted electricity), yielding sodium (and consequently NaOH) 
cathode and oxygen at the anode. 


Competition 


Processes to make: 
Electrolytic 


SODIUM 
HYDROXIDE 


In competition with: 

Lime 

Sodium carbonate 
Ammonia 

Borax 


Lime-Soda 

The hydrogen released at the cathode is sometimes made to 
unite with the chlorine from the anodes, form.ng hydrochlortc 

^The Germans have revived and improved the obsolete Castner 
sodium amalgam process of making sodtum hydrox.de In th, 
cell, electrolysis of sodium chloride solution proceeds with a poo 
of mercury at the bottom as cathode. Sodtum amalgam forms ,s 
removed under a partition dipping into mercury, becomes 
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anode in a second electrolytic compartment with a solution of 
sodium hydroxide. Metallic sodium ions leave the anode to form 
NaOH with OH~ ions of water. Water reacts directly with 
sodium amalgam but too slowly. A 30-50 per cent concentration 
of pure sodium hydroxide is formed. 

DISTRIBUTION OF SODIUM HYDROXIDE IN THE UNITED 

STATES, TYPICAL YEAR 


INDUSTRY 

TONS 

Soap 

110,000 

Chemicals 

460,000 

Petroleum refining 

160,000 

Rayon, and cellulose film 

455,000 

Lye and cleansers 

120,000 

Exports 

130,000 

Textiles 

105,000 

Rubber reclaim 

27,000 

Vegetable oils 

20,000 

Pulp and paper 

130,000 

Miscellaneous 

363,000 

Total 

2,080,000 


In 1947 this total became 2,600,000 tons. 

Bases. Basic hydroxides arc formed when such metals as 
sodium, potassium, or calcium react with water: 

2Na + 2 HoO -*• 2 NaOH -f- H 2 
Ca + 2 H >0 -> Ca(OH), + H-, 

Commercially, however, the most active bases, the so-called 
alkalies, sodium hydroxide and potassium hydroxide, arc made 
by cheaper methods. Calcium hydroxide is most cheaply pre- 
pared by the addition of water to quicklime, CaO, itself obtained 
by calcining CaC0 3 , limestone. 

CaO + HoO -* Ca(OH)-, 

All the basic hydroxides contain OH groups attached to a 
metal. (Some other types ol compounds also contain OH groups 
but not attached to a metal.) Many organic compounds without 
OH groups react with acids and are called organic bases since 
they, like OH groups, will combine with acidic hydrogen 
(we say they accept protons). 
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Insoluble Bases. Most of the metallic hydroxides are insolu- 
ble, like ferric hydroxide, Fe(OH) 3 . They arc conveniently pre- 
pared by addition of a solution of any soluble base to a solution 
of some salt of the metal in question: 

FeCl 3 4- 3 NaOH — > 3 NaCl 4 Fe(OH) 3 
CuS0 4 + 2 KOH — > K 2 S0 4 4 Cu(OH) 2 

Reaction of Bases with Acids. All bases react with acids to 
form water and a salt, a process called neutralization: 


K OH + H|C1 — > H 2 0 4 KC1 


Cu|(OH) 2 4 HiSO, — 2 H.O 4 CuS0 4 


The essential reaction really is 


H + 4 OH" -> H .O 

where the OH" ion (from the base) accepts the H + ion, or 
proton, from the acid. 

It is a common error to think of all hydroxides as bases, yet 
some are acids and some act as base or acid depending upon 
other substances present. An OH group attached to a metal as 
in KOH is basic, but if attached to a non-metal as in HO i ■-« 
(nitric acid, HN0 3 ), it is acidic. 


NaOH strong base 
Ca(OH) 2 mild base 

Zn(OH) 2 may act as base or acid, H 2 ZnU 2 
B(OH) 3 is a weak acid (boric), H ; ,B0 3 
Si(OH).j is an acid (silicic), H 4 Si0 4 
S0 2 (0H) 2 is sulfuric acid, H 2 S0 4 


Exercises 


1 . 


„ . . O co r' anH 740 mm. may be liberated from 

What volume of hydrogen at 27 C. and 74u mm m > ? 

water by the sodium formed by the electrolysis of 21 kg. of NaOH. 

2. What weight of cupric hydroxide is formed by the interaction ol 7, g. of 

copper sulfate (CuSO, -5 H.O) with excess of sodium hydrox.de in aqueous 

solution? 
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3. In a chlorine plant 80 tons of sodium chloride in solution were electrolyzed 
daily. ( a ) Calculate the weight of sodium hydroxide formed. (6) What 
volume of hydrogen was liberated? 

4. How many grams of sodium hydroxide would be required to form 750 ml. 
of a molar solution? How many to form 10 liters of a normal solution? 

5. What weight of sodium hydroxide is needed to neutralize 400 ml. of a 
0.5 normal solution of sulfuric acid? 

6. What weight of 90 per cent pure Ca(OH). is required to convert 8 kg. of 
Na 2 C0 3 - 10 H 2 0 into sodium hydroxide? 

7. How many grams of sodium hydroxide result from the action of 650 grams 
of sodium peroxide, N a 2 0 2 , with water? 


Chapter 20 ions and 

ELECTROLYSIS 


Acids, Bases, and Salts. Acids all contain hydrogen, replaceable 
by active metals, although not all hydrogen compounds are acids, 
sugar for example. Acid solutions in water ordinarily taste sour 
turn blue litmus red, release carbon dioxide from carbonates, and 
react with most metals with the displacement of hydrogen. 

The common bases are compounds of a metal with oxygen and 
hydrogen. In water solution they turn red litmus blue, have a 
characteristic taste, and feel soapy. Such metallic hydroxides as 
those of sodium, potassium, and calcium (NaOH, KOH, 

CafOH) 2 ) have already been mentioned. 

A salt or its equivalent is formed by the reaction between an 
acid and a base, the other product being water. Of course the 
actual salt is obtained only after evaporation of the water. 


NaOH + HC1 
Ba(OH )2 + H 0 SO 4 


NaCl + H 2 O 
BaSO.i j + 2 H 2 O 


Here the sodium chloride and barium sulfate, remaining as solids 
after evaporation of the water, are salts More exact definitions 
of acids, bases, and salts will be given a little later. Salts may be 

formed in several other ways. , / 

The examples of double decomposition already «ud.cd l (see 

page 179) show an apparent interchange of groups 
when acids, bases, or salts are mixed in aqueous solution. 

Na 2 S0 4 + BaCl 2 -» BaS0 4 1 + 2 NaCl 
(NH 4 ) 2 S0 4 + Ba(N0 3 ) 2 -> BaS0 4 I + 2 NH.NOa 
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The easy and instant exchange of partners in such reactions 
leads to the suspicion that the radicals were already separated 
in the solutions before they were mixed. 

By the use of the X-ray we have already learned that in solid 
crystals of salts and of some strong acids and bases these very 
radicals or groups, so familiar in many reactions, exist as units 
geometrically arranged in the space lattice of the crystal. Fur- 
thermore, we know that when sodium chloride, for example, is 
melted or fused it conducts electricity readily and that metallic 
sodium appears at the negative pole (cathode) while chlorine is 
evolved at the positive pole (anode). Obviously in such a liquid 
electrically charged atoms must have been present to carry the 
current and there must have been both positive and negative 
atoms in order to account for the attraction of different atoms to 
different poles. Similar statements may be made concerning fused 
sodium hydroxide, lead chloride, and many other acids, bases, 
and salts. 

In a solid crystal of sodium chloride the electrical attraction 
between oppositely charged atoms (or groups) is too great to 
permit their movement to cathode and anode. No current passes. 
However, with the aid of heat the solid melts and the charged 
atoms or groups become mobile or fluid, and are able to carry a 
current. 

Here we need to stress non -mobility of charged atoms or 
radicals in the solid and mobility in the melted solid. 

The Arrhenius Theory of Ionization. Arrhenius of Sweden 
as a young man reasoned deeply about the fact that acids, bases, 
and salts in water solution all conduct electricity and are decom- 
posed in the process. No other substances dissolved in water act 
in this way. He did not have, in 1887, the benefit of X-ray photo- 
graphs revealing crystal structure (that came in 1913) nor did 

anyone in 1887 know about electron transfer in chemical re- 

* 

actions. 

Arrhenius did know, however, of the abnormally large values 
for freezing-point lowering, boiling-point rise, and osmotic pressure 
of aqueous solutions of acids, bases, and salts. A solution of a 
gram-molecular weight of sugar, glycerine, etc., in 1000 g. of 
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water freezes at -1.86°. It makes no difference whether heavy 
sugar molecules or light alcohol molecules are dissolved, the only 
consideration is number of dissolved particles. Doubling the concen- 
tration practically doubles the freezing-point lowering. After 
observing this it is astonishing to learn that a solution containing 
one gram-molecular weight of sodium chloride per 1000 g. of 
water freezes at a temperature approaching twice 1.86° below 
zero (3.52°). Since this solution apparently contains exactly the 
same number of molecules as the sugar solution (a gram- 
molecular weight of each taken) and since the only influence on 
freezing-point lowering is number of dissolved particles, he was 
forced to the only possible conclusion, namely, that some of the 
sodium chloride molecules must have broken down, or disso- 
ciated into smaller particles, thus accounting for more particles 
than the original number of molecules. Now there is only one way 
for such a simple compound to dissociate, for there are only two 
atoms in each molecule of sodium chloride. 

NaCl -> Na + Cl 


Obviously, if all the salt molecules split into two parts, the origi- 
nal number of molecules would be doubled and the solution 
would freeze at exactly 2 X 1.86° below zero This complete 
dissociation is approximated only in very dilute solutions. 
Evidently the less water present the less the dissociation and with 
no water (dry salt) only molecules are found. Our present 

knowledge corrects this part of the classical theory. 

The student at once admits the necessity of accounting for 
more particles than indicated by a gram-molecular weight and 
admits that this explanation accounts for them, but he doesn t 
see how ordinary sodium can exist in contact with water. For 
that matter he is skeptical about the presence of elemental chlo- 
rine in salt water. Chlorine water is greenish yellow, poisonous 
and a powerful oxidizing agent, and he knows by experience ha 
salt water has none of these properties. He remembers that 
metallic sodium reacts violently with water, but there is nothing 
exciting to be seen when salt is dissolved in watir. 

The reply by Arrhenius to his critics was that tins was not 
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common sodium metal but electrically charged sodium atoms 
(“ions”) and that the chlorine was not ordinary chlorine but 
charged chlorine atoms (ions) with entirely different properties. 
Solutions of copper salts are blue due to the presence of charged 
copper atoms (ions) while common copper is red and insoluble. 

He must have conceived the idea of electric charges on these 
ions from observations of the conductivity and electrolysis of 
water solutions of acids, bases, and salts. 

A solution containing 1000 g. of water and one gram-molecular 
weight of sodium sulfate has a freezing-point lowering approach- 
ing, but not equal to. three times 1.86°. The inference is that 
each conventional molecule dissociates into three parts, probably: 

Na 2 S0 4 — ■> Na + + Na + + SO.“ 

The sulfate group does not disintegrate, for the freezing point of 
a solution of copper sulfate (CuS0 4 ) indicates the formation of 
only two parts per molecule, one of course being copper and the 
other the sulfate group. In all these dissociations the same radi- 
cals appear as those taking part in double decomposition — a very 
significant point. 

Ionization Equilibrium. Another annoying question pro- 
pounded to Arrhenius by his critics was this: if oppositely charged 
ions exist in the same solution, free to move, why do they not 
attract and discharge each other? They do, he replied, but as 
fast as thev unite to form new molecules some other molecules 

4 

ionize and we merely have a condition of ionic equilibrium which 
can be disturbed like any other equilibrium: 

NaCl ^ Na + + Cl" 

T'his method of writing the equation shows that there are both 
molecules and ions present. In more dilute solutions the percent- 
age of molecules ionized is greater. This seems reasonable, for 
dilution keeps the ions farther apart, but has no effect on the 
action of molecules in breaking apart. 

Our present knowledge revises this theory of Arrhenius but the 
classical theory should be considered here as it was in 1887. 

Phrasing the classical theory in formal terms, “Acids, bases, 
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and salts in aqueous solution dissociate into atoms or groups of 
atoms which carry charges of electricity.” 

There is no excess of either positive or negative electricity on 
the ions dissociating from each molecule of an electrolyte. That is, 
there must be equal numbers of positive and negative charges on 
the anions and cations. 

How else can we explain the electroneutrality of solutions? I he 
salty ocean is neither positive nor negative, otherwise there would 
be very little ocean bathing. Ii we allow one positive charge to a 
hydrogen ion (H + ), then there must be one negative charge to 
a chloride ion (Cl") and the ionization of hydrogen chloride is: 

HC1 3=* H + + Cl" 


Electrolysis. Although water was decomposed by the electric 
current as early as 1800 (Nicholson and Carlisle), most ol our 
knowledge of electrolysis, and its terms, we owe to Faraday, the 
great English chemist and physicist. 

When two metallic plates (electrodes) are placed in a solution and connected 
with a source of current we have an electrolytic cell. If a lamp is placed m the 
circuit, as in Fig. 82 , we can observe by its glow when 
current is passing. An ammeter measures current more 
accurately. Place the electrodes in pure water and con- 
nect with the ordinary lighting circuit. The failure of 
the lamp to glow shows that little or no current passes. 

Evidently water is a poor conductor. Now add sugar or 
glycerine or alcohol to the water and stir. Even these 
solutions do not conduct the current. But add dilute 
sulfuric acid or some soluble salt or base and the lamp 
glows. In fact any acid, base, or salt dissolved m the 
water of the cell described will conduct the current. Hie 

remarkable fact is that only acid a. *««, therefore cM dec 

trolytes or ionog'ns) will do this; all other substances are called non-electrolytes. 

Suppose in the cell of Fig. K3 we use a solution of hydrochloric 
acid and pass a direct current through the circuit. The current 
of electricity” is merely the passage of a stream of electrons along 
a conductor. Unfortunately the direction of flow was wrongly 
indicated before we understood anything about a stream ol 
electrons. The electrode through which the current always has 



Fig. 82. A conduc- 
tivity test. 
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been considered to enter, but through which the electrons leave, 
is called the anode and the one by which the current leaves, or 
electrons enter, the cathode. Ions attracted to the anode are 
called anions while those attracted to the cathode are termed 
cations. The passage of the current merely keeps the anode posi- 
tively charged and the cathode negatively charged. Hydrogen 
escapes at the cathode and chlorine at the anode. In other words, 
hydrochloric acid is electrolyzed. Hydrogen ions from the entire 

solution travel to the cathode and are 
there discharged. Why, unless they are 
attracted ? The cathode is a negatively 
charged strip of metal and consequent- 
ly attracts oppositely charged bodies. 
The conclusion is that the hydrogen ion 
is simply an atom carrying a positive 
charge of electricity. In this form it is 
soluble in water. On contact with the 
negative electrode it receives an elec- 
tron from the circuit, its charge is neu- 
tralized, and the plain hydrogen atoms 
then unite in pairs to form ordinary hydrogen gas molecules, 
which escape. The chlorine ions move from all parts of the solu- 
tion to the anode, or positive electrode. This attraction must 
be due to the presence of a negative charge on the chlorine atom. 
On contact with the electrode the charge on the chlorine atom 
is neutralized, that is, it gives its extra electron to the pole and 
common chlorine escapes and may be detected by the usual tests. 
Both the hydrogen and chlorine are primary products oj electrolvsis. 

When sulfuric acid is electrolyzed, its hydrogen is liberated at 
the negative electrode, as with all acids, but the uncharged sulfate 
radical is not found as a molecular substance at the positive elec- 
trode. Instead, oxygen escapes. If the experiment is performed in 
a U-tubc, it can be shown that sulfuric acid accumulates around 
the positive electrode and diminishes in concentration around 
the other electrode. Evidently the sulfate radical is attracted 
by the positive electrode because of the negative charge carried by 
the radical. 



Fig. 83. Electrolysis of hydro- 
chloric acid. 
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Bv one explanation, often given, it is not the SOf ion that is 
discharged at the anode but the OH" ion (from ionization of 
water, slight though it is). The OH" ion gives up its electron 
more readily to the anode than the SOr ion docs. These OH 
ions after discharge unite in pairs to form water and oxygen gas. 

Copper sulfate is electrolyzed to produce a red deposit of 
metallic copper on the cathode and the escape of oxygen at the 
anode. Sodium iodide, on electrolysis, shows the color of iodine at 
the anode and the solution yields the usual blue with a drop of 
starch paste. At the cathode hydrogen escapes, and if a drop of 
colorless phenolphthalein solution is added a splendid pink color 
develops, indicating the formation of a base. Sodium hydroxide is 

the only one possible. _ , , . f 

According to one theory, it is easier to discharge the H ions of 

water at the cathode than to discharge Na + ions, therefore the 

Na+ ions are paired off around the cathode with an equivalent 

number of OH" ions coming from the slight ionization of water, 

and sodium hydroxide results: 


HoO «=* H + + OH 

2 Na + +2 Cl- + H+ + OH" -» 2 lNa + +2 OH" + H 2 1 + CUT 

'T'T v . , . . Sodium hydroxide 

Sodium chloride 

In answer to this theory, held by so many chemists, it may 

very weak currents of electricity and in very dilute solutions this explanation 
very weak currc * arc passc d in more concentrated solutions, 

may apply but, when larger current ^ thc incredibly minute 

there are not enough H lons ana v 

ionization of water to carry the current. Then Na* tons, K tons, SO, ons 

NO, ions, etc., may actually be discharged. Subsequent reacuon 

yields NaOH, KOH, H 3 S0 4 , HNOa, etc. , • , 

Iron ions may be disci, arged a, .he cathode from a weakly -cd soluuon of 
iron salts, yet hydrogen ions are easier ... discharge than the . on a J “ 
astonishing, although true, because making a solution d.s.mc.1 ' aetd 
a million times or more the actual number of H mns naturally present 

^Furthermore it is well known .hat sodium, potassium, calcium, ^ and other 
such ions arc discharged on a mercury cathode, forming amalgam fmm wh 
mercury can be distilled leaving the metallic sodium etc By h theory . just 
quoted only hydrogen should have been discharged against *t utcmeiry 
cathode, a Audition quite contrary to fact. This has been answered by stat.ng 
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that the discharge potential of H* on a mercury cathode is higher than on 
other metals. 


The oxidation effect at the anode of an electrolytic cell through 
which current is passed (not a primary cell which generates cur- 
rent) is used commercially in the preparation of various sub- 
stances. Conversely, reduction takes place at the cathode and 
may be utilized commercially. 

The Electron Transfer Explanation of Electrolysis. In the 

electrolysis of a water solution of HC1 the H + ion is attracted to 
the cathode and there accepts one electron, thus becoming 
neutral hydrogen, insoluble in water. At the same time one 
electron is given to the anode by a Cl~ which then becomes 
neutral chlorine. The electrons are carried through the solution 
by the negative ions, given up at the anode, and driven by the 
dynamo along the metallic circuit to be presented to positive 
ions at the cathode. This is electrolysis. Compare with the 
electron concept of chemical reactions presented on pages 27, 
111, and 174. 

Faraday’s Law . 1 Faraday gave us an experimental basis for 
ascribing a definite number of charges to each ion. He found that 
when a gram-equivalent weight of any metal or hydrogen has 
been liberated from a compound by electrolysis, exactly 96,500 
coulombs of electricity have passed through the solution. 

Faraday’s laws of electrolysis (1833-34) are fundamental. 

must law: The mass of any substance liberated at an electrode 
during electrolysis is proportional to the quantity of electricity passed 
through the electrolytic cell. 

sicond law: When the same quantity of electricity passes through 
different electrolytes, the masses of the substances liberated at the 
electrodes are proportional to their chemical equivalents. 


For example. 96.500 coulombs of electricity can set free from 
electrolyte solutions gram-equivalent weights of H (1.008 g.), of 

Ag' (107.88 g.), of Cu" ~ 4 g.) , and of Fe'" g.) 


Of 


( 1 


1 The coulomb is the unit of quantity of electricity, as the liter is a unit of 
uantity of fluids. 
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COMPLETE IONIZATION 

course equivalent quantities of the negative ions are being dis- 
charged at the same time in electrolysis. That is, one gram- 
equivalent weight of hydrogen chloride is decomposed by 96.500 
coulombs of electricity, for this means that one gram-equivalent 
weight of hydrogen and one gram-equivalent weight ol chlorine 

are released simultaneously. 

Electrolysis is merely an attraction and discharge of ions, so 
there must be 96,500 coulombs, a faraday, of electricity on each 


— 

-i 

Source of Current I I 








L-nRn 


r ismm 




- 1 



. — 


+ - 


+ 


CuS0 4 


FeCl 


AgNC>3 

Fig. 84. On passing the same current of electricity through the solutions shown, 
equivalent quantities of silver, copper, and iron are deposited on the cathodes. 

gram-atomic weight of hydrogen ions or of silver ions. But this 
quantity of electricity discharges only half ol one grain-atomic 

/ 63.54 r , \ 

weight of copper l — ^ — 8* Sl 


so there must be 2 X 96.500 


coulombs on a whole gram-atomic weight of copper ions and, by 
similar logic, 3 X 96,500 coulombs on a whole gram-atomic 

weight of ferric ions. 


MODERNIZATION OF THE ARRHENIUS I HEORY 

Complete Ionization. About 1922 Debye and Iluckel sug- 
gested that in dilute solution the strong electrolytes (those that in 
water solution conduct strongly) are completely ionize . e are 
all agreed that in solid form salts and many such acids and bases 
have a crystal lattice of ions as revealed by X-ray photographs 
and by conductivity of many fused electrolytes We also have 
good evidence for believing that these ions were formed by e ec- 
tron transfer in previous reactions. 
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Contrary to the belief of Arrhenius, then, we know now that 
ionization in many strong electrolytes took place long before solu- 
tion in water or other solvent. The water merely separates ions 
already in the solid, by attracting these ions and by tending to 
insulate them against recombination : 

Na+Cl - — * Na+ Cl - , by Debye-Hiickel theory 

NaCl *=± Na+ 4- Cl - , by Arrhenius theory 

Two limitations must be noted at this point. In a concentrated 
solution of HC1 there certainly are many molecules, for they are 
observed coming off the surface as gaseous HC1. Probably in all 
concentrated solutions there are countless collisions of oppositely 
charged ions with temporary formation of ion pairs such as 
Na + Cl - . Such a pair may be termed a conventional molecule with 
the same composition as any larger amount. 

If this phrase is not helpful we may state that Na+Cl - repre- 
sents the composition of any quantity of this substance. It is 
interesting to note here that when sodium chloride is vaporized 
actual gaseous molecules arc formed. 

The second limitation is concerned with weak electrolytes, 
which are poor conductors in water solution. These are not com- 
pletely ionized and an equilibrium between molecules and ions 
does exist just as postulated by Arrhenius. Consider acetic acid 
which, in 0.1 N concentration, is only about 1.3 per cent ionized 
as calculated from freezing-point lowering and from electrical 
conductivity: 

CH.-COOH «=± CH3COO - + H+ 

This equilibrium is disturbed by a change in concentration or by 
the removal of the H f ion (easily managed with a base). In the 
latter event the equilibrium is displaced to the right and eventu- 
ally (in fact, quickly) all the molecules dissociate into ions. There 
are many weak electrolytes, so the classical Arrhenius theory is 
still very important. 

Possibly strongly ionized electrolytes in solution should be 
represented 

Na+Cl - -> Na+ + Cl - 

reserving the equilibrium sign for weaker electrolytes in solution. 


SUMMARY 
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Solvent Effect of Polar Liquids. The ions already existing in 
a crystal space lattice are attracted by the polar molecules of 
water (or similar polar liquids) with such effectiveness that they 
are actually dispersed or dissolved in the water as shown by 
Fig. 85. The atmosphere of water molecules around each ion 
(hydration-of-ion effect) tends to keep these ions separated. 

Summary. 1. Acids, bases, and salts are the only substances 
that, in aqueous solution, conduct electricity with resulting de- 
composition. Solid metals conduct without decomposition. 




Fig. 85. Solution of solid KCI to form hydrated ions. 


(After J. H. Hildebrand.) 


2. Acids, bases, and salts arc the only substances that exchange 
radicals as in double decomposition, and these same radicals a.e 
electrically altered in aqueous solution b> clcctio>sis. 

3. Acids, bases, and salts lower the freezing point, raise the 
boiling point, and produce osmotic pressure in water to an extent 
not accounted for by a molecular formula. I he abnormality of 
these values is paralleled quantitatively by the electrical conduc- 
tivity of such solutions. Therefore all, or a fraction, of these mole- 
cules must be dissociated into additional particles, which produce 

the abnormal values. , 

4. Electrolysis does not cause ionization. It is mercy a - 

tion of radicals to charged plates and their discharge at these 

5. The cations (positive charges) are attracted to the negate, c 
plate or cathode and there discharged, while the anions arc 
attracted to the positive anode and discharged. The dischaiged 
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radicals either are released as primary products of electrolysis or 
react with the water to form secondary products. 

6. By Faraday’s law equal quantities of electricity liberate 
equivalent quantities of the ions. A gram-equivalent weight of 
any ionic element or radical carries 96,500 coulombs of electricity 
and therefore this amount is required to discharge and liberate it. 

7. The number of positive and negative charges on the ions 
from each conventional molecule is equal, as shown by the fact 
that electrolyte solutions as a whole show no trace of electrifica- 
tion. The number of charges on an ion is the same as its valence 
number. 

8. The source of the charges on the ions is the transfer of elec- 
trons (negative charges of about the mass of the hydrogen 

atom) from the metallic radicals to the non-metallic ones at the 
time of formation of acid, base, or salt. 


Exercises 


l. 



3. 

4. 

5 . 

6 . 
7 . 


8. 


9. 

10. 

1 1 . 


Explain how a metal spoon is silver plated. 

How many coulombs of electricity arc required to decompose 600 g. of 
copper sulfate, CuSO.,-5 FDO? 

The number of charges on the ion exactly parallels the valence number. 
The valence of the phosphate radical (P0 4 ) is three. How many faradays 
are required to discharge its weight in grains? 

If ammonium chloride, when vaporized, completely dissociates into 
ammonia and hydrogen chloride, what will 22.4 liters of this vapor weigh 
under standard conditions? 


tiive a convincing array of evidence for the Arrhenius ionic theory. 
Distinguish between the copper atom and the copper (cupric) ion. 

State Faraday's laws and give an illustration. 

\\ hat does the eleetroneutralitv of solutions of acids, bases, and salts prove? 

A toluene solution of HC1 gas does not conduct electricity. Would you 

expect it to attack zinc or marble (CaC0 3 ) as does a water solution of HC1? 

Thirty-five g. of sodium nitrate arc dissolved in 1000 g. of water. The 
apparent degree of ionization of the salt in the solution is 70 per cent. 
What is the freezing point? 

1 he same current is passed through separate solutions of each of the 
following compounds: AgNOj, Cd(NO a ) 2 , ZnSO, t FeCl s . Calculate the 
relative weights of each of the metals present that are liberated. 
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SUMMARY 

12 Suppose that, in the preceding problem, 1 800 coulombs of electricity were 
p3 through each solution. Calculate the actual weigh, of each tneta, 

liberated. ... 

13. Wha, weigh, of iron would be required to displace from solut.on the copper 

in 145 e of CuSCV Sec chapter “Electrochemistry. 

14. State the evidence for the more modern theory of complete tomratton. 

Its limitations? 
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Chapter 21 ionic reactions 


Conductivity and Ionization. The ability of a solution to con- 
duct electricity (its conductivity) depends upon the concentra- 
tion of ions present, the number of electric charges carried by 
each, and the velocity of ionic migration and the restriction on 
movement due to interionic attraction and the resistance (vis- 
cosity) of the solution. There is a striking parallel between the 
conductivity, freezing-point lowering, and chemical activity of 
normal solutions of acetic, sulfuric, and hydrochloric acids. As 
Cady states it, under similar conditions (surface, temperature, 
etc.) normal acetic acid releases 1 ml. of hydrogen when in con- 
tact with zinc in exactly the same time that zinc discharges 65 ml. 
of hydrogen from normal sulfuric acid and 100 ml. from normal 
hydrochloric acid. Under these conditions hydrochloric acid is 
one hundred times as active as acetic. A normal solution of 
hydrochloric acid freezes at nearly twice 1.86° below zero, while 
a normal solution of acetic acid freezes at only a trifle below 
— 1 .86°. Normal acetic acid has but little more effect on freezing- 
point lowering than has the corresponding concentration of 
sugar. Normal hydrochloric acid conducts electricity well, sul- 
furic acid about two-thirds as well, while normal acetic acid is 
only a very poor conductor. 

The conclusion from these facts is that hydrochloric acid in 
normal solution ionizes completely or nearly so, while in normal 
acetic acid a very small fraction of the molecules have dis- 
sociated. 

At greater dilutions even acetic acid ionizes to a greater degree. 
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apparent fraction ionized 

In a battery jar (Fig. 86) place two long metal strips as electrodes and fill the 
jar three-fourths full with water. With a long-stemmed dropping funnel intro- 
duce concentrated acetic acid under the lighter water so that there is almost 
no mixing. After placing a lamp in the circuit turn on the current. The lamp 
scarcely glows. Now stir the solutions, thus greatly diluting the acid. 1 he bright 
glowing of the lamp shows the formation of many more ions (with great freedom 
of movement) at the greater dilutions. It is only ions that conduct in solutions. 



Apparent Fraction Ionized. Knowing that strong electrolytes 
arc 100 per cent ionized in dilute water solutton it is puzzling to 
read of 92 per cent ionization of a strong acid This is reach y 
understood by reference to the crystal lattice of solid sod ium chlo- 
ride. Here each ion is surrounded by six others of opposite charge 
and each of them is, in turn,, surrounded and attracted by six 
others of opposite charge. It is no wonder there is no mobility to 

these ions and that the crystal is a non-conductor. 

When such a crystalline solid is dissolved due to attractive 
forces of the water molecules for ions) there is still, in concen- 
trated solutions at least, a noticeable restriction on freedom of 
movement due to attraction between ions of opposite charge. 
The closer these ions are together the nearer ,s the approximation 
to the condition in the solid sodium chloride. 

In Dil. Sol. 

zt Greater mobility 
of ions 


In Solid (NaCl), 

Zero mobility 
of ions 


In Cone. Sol. 
Moderate mobility 
of ions 


At any concentration the apparent fraction of the molecules 
ionized may be learned by comparison of the actual conductivity 
with that calculated on the basis of complete ionization. Tor 
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example, if the actual conductivity of a 0.1 N solution of “AB” 
is 90 per cent of the value calculated on the basis of complete 
ionization, it is evident that only 90 per cent of the molecules of 
AB are effectively ionized (at that concentration and temper- 
ature). 

A table giving the percentage of effective ionization of several 
acids, bases, and salts is invaluable as a picture of their relative 
activity: 

APPARENT FRACTION IONIZED IN 0.1 N SOLUTIONS AT 18° 


ACIDS BASES 


HCl 

0.92 

KOH 

0.91 

HBr 

N/2 .90 

NaOH 

.91 

HNO, 

.92 

Ba(OH) 2 

.77 

H 2 SO, — H + + H + 4- SO/ 

.61 

NFLOH 

.013 

H • C 2 H 3 0 2 , Acetic 

.0134 

N(CH 3 ) 4 OH N/16 .96 

H 2 C0 3 — H + + HC0 3 - 

.0017 

h 2 o 

.000,000,1 

H 2 S -> H + + HS" 

.0007 



HCN, Prussic 

.0001 



H • H_>B0 3 , Boric 

.0001 



H.O 

.000,000,1 



H 3 PO< — h + + h.po 4 - 

.27 




SALTS 



KC1 

.86 . 

k 2 so 4 

0.72 

NaCl 

.84 

MgSO< 

.45 

Nil, Cl 

.85 

ZnSO< 

.41 

BaCl 2 

.76 

CuS0 4 

.40 

CaCl 2 

.76 

NaC 2 H 3 0 2 

.79 

KBr 

.86 

Cd(N0 3 ) 2 

.56 

NaNOa 

.83 

CdBr 2 

N .16 

KNOj 

.82 

HgCl 2 

N .01 

Sr (NO s) 2 

.72 

Hg(CN) 2 

A trace 

AgNOs 

.81 



Salts, with very few 

exceptions, are 

“strong electrolytes,” or 

highly ionized in dilute solution. The cadmium halides and some 

mercuric salts are almost in a separate class. 



Exercise 

1. Classify the electrolytes above in three groups as strongly, moderately, and 

wcaklv ionized. 

* 
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Acids containing more than one ionizable hydrogen atom to 
the molecule, such as sulfuric, carbonic, or phosphoric, ionize by 
stages with increasing dilution. With a certain amount ol water 
a given weight of sulfuric acid may first ionize thus: 

H 2 SO 4 <=± H+ + HSOr 

Addition of more water makes it possible ior the second hydiogen 
to ionize. The algebraic balance of positive and negative charges 

is still correct: 

HSOr ^H+ + SO, 

Actually the H+ ion from the first stop represses the weaker 
second-step ionization. In 0.1 molar solution the concentration of 
SO,- ions is about 0.01 molar. Only 10 per cent of the HSO, 
ions are dissociated into H + and SO," ions; yet in a similar 
solution of NaHSO, about 30 per cent of the HSO, is dis- 
sociated. With carbonic acid (H-.CO,) there is very little of the 
first, and almost none of the second hydrogen ionized. Phosphoric 
acid (H,PO,) throws off the first hydrogen easily, the second to 
a very limited degree, and the third almost not at all: 

(!) H,PO, t=tH+ + H.POr 

(2) H,.PO,- H+ + HPO, 

(3) HPOr + PO, 

The primary ionization (equation 1 ) of H.,PO, is about 50,000 
times the secondary, and this in turn about 500,000 times the 
tertiary. The first step with H,SO, is 33 times the second. 

There is a possibility of some confusion as to the amount of 
ionizable hydrogen in 0.1 N solutions of a strong at id and of a 
weak acid. Hydrochloric acid attacks zinc about one hundred 
times as fast as does acetic, but if the acetic acid is ^ 

enough the same weights of hydrogen will be released by ccpi. 
volumes of the 0.1 N acids. The reason is that ionization (of weak 
acid but not of strong) is a case of equilibrium: 

98.7% H C 2 H 3 0.. ^ + CoHaO," 1-3% 

If zinc displaces these hydrogen ions from solution, the (>f l ull ^‘ 
rium is continuously disturbed to the right (there can be no re- 
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verging to the left with hydrogen ions gone) and finally all the 
acetic acid molecules have ionized. Thus equal volumes of the 
same normality of all acids contain exactly equal weights of 
actual plus “potential” hydrogen ions, but the strong acids con- 
tain much more of “actual” hydrogen ions at any instant than 
do the weaker acids. See Appendix for an explanation of the 
“pH” system of representing actual hydrogen ion concentration. 

Types of Electrolytes. It is now clear that an acid is any sub- 
stance that, in water solution, yields hydrogen ions by direct 
ionization. In fact it is a proton (H + ) donor. So it is hydrogen ion, 
common to all acids, that is responsible for the sour taste, the 
attack on bases and carbonates, and the reddening of litmus. 
Monobasic acids yield only one hydrogen ion per molecule, as 
HC1, HN0 3 , HC 2 H 3 0 2 , and HCN. Dibasic (or diprotic) acids 
yield two hydrogen ions per molecule, as H 2 S0 4 . Obviously 
H 3 PO 4 is a tribasic acid. From the formula of acetic acid 
(C >H ,0 2 ) it might be thought that four hydrogen atoms should 
ionize. Only one breaks off as an ion even at great dilutions. The 
other three are attached differently inside the molecule and are 
not even potential ions. So we often write the formula H C 2 H 3 0 2 
or even H- Acetate or H OAc. 


A base is any substance that yields hydroxyl ions in water solu- 
tion by direct ionization. A base is also a proton acceptor, as will 
be shown on page 232. A monoacid base yields but one hydroxyl 
ion per molecule, as KOI I, NaOFI, and NH,OH. But Ca(OH) 2 
is a dia< id base and Al(OH) 3 a triacid base. We admit that it is 
only in neutralization that all three hydroxyl groups of Al(OH) 3 
could be made to ionize, but they arc potential ions. Salts we 
defined previously as one of the products of the neutralization of 
an arid by a base, the other being water. 

Salts are substances yielding in water solution cations other 
than hydrogen ion and anions other than hydroxyl ion. With* 
this interpretation XaCl, CuS0 4 , and l\a 3 P0 4 'are salts, with the 
understanding that in solid salts the ions arc the units in the 
< iNstal lattii e arrangement. Normal salts are formed by replacing 
all the ionizablc hydrogen of an acid by a metal, as in Na s SO< or 
K 3 I O i. Acid salts are termed by replacing only part of the ioniza- 
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ble hydrogen of acids by a metal, as in KHS0 4 or Na 2 HP0 4 , but 
some of them, notably NaHCOs, do not readily yield the remain- 
ing hydrogen atom as an ion. Basic salts result when only part of 
the hydroxyl groups of a base are neutralized by an acid, as in 

Ca/ . Mixed salts have, in a single molecule, different metals, 

\ci 

as NaKS0 4 , or different negative radicals. 

The positive ion is nearly always a metal, with a few such 
exceptions as hydrogen and the ammonium ion (NH 4 +). The 
negative ion never contains a metal alone, but may have it in a 

radical, as Mn0 4 “. , . f . . 

Of course we can form any salt by the snnple device of mixing 

the appropriate oppositely charged ions. For example, to form 

barium sulfate we need only take a solution of any banum sa t 

(because these will furnish Ba++) and mix it with any soluble 

sulfate (because these furnish SO"). It is a matter of comparative 

indifference what the other ions accompanying these ait. Mix 

BaClj and Na.SO, Solutions of these are already .on, zed, so we 

mix four kinds of ions: 

Ba++ + Cl" + Cl" + Na + + Na + + SO," -» 

BaSO, + Na + + Na + + Cl + Cl 

The student at once asks why BaSO , was written as a molecule on 
the right. It is so insoluble that it precipitates, leaving the ions 
of sodhim chloride in solution. So the effect is prachcally this: 

Ba ++ + SO," — Ba‘+SOr 

Were barium sulfate soluble we should have only its ions in solu- 
tion in equilibrium with the others and on evaporating we should 

have a mixture of four salts. 

Upon precipitation of a salt the ions merely enter into the 
space lattice of the visible solid, no. forming molecules ,n a strict 
sense. It is however extremely convenient to refer to the sub- 
stance Na,SO„ for example, as if its smallest unit, with properties 
characteristic of the mass, had such a composition. Usually in 
writing equations chemists understand Na 2 SO, just as clearly as 
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Na> + S0 4 = . The conventional molecule of sodium sulfate and of 
other electrolytes is still very useful. 

Broader Concept of Acids and Bases. According to the mod- 
ern proton-transfer concept of acids and bases, an acid is a 
substance that yields protons, and a base is a substance that 
unites with protons. In other words, an acid is a proton donor 
and a base is a proton acceptor: 

Acid ^H + + Base 

The base may be an ion such as OH~ or S” or a neutral 
molecule like NH 3 . 

Ammonia, NH 3 , is basic because it accepts a proton (hydrogen 
ion) : 

1 I 

NH 3 + H+ + ci- -> NH 4 + + ci- 

To be consistent we must agree that negative ions are bases 
when they accept protons: 

1 I 

C0 3 ’ T H + — > HC0 3 (poorly ionized) 

I I 

Acetate -f- H + — > Acetic acid (poorly ionized) 


These are “anion bases” as compared to such “basic hydrox- 
ides as NaOH, KOH, etc. Many writers represent the H + ion 
in water as hydrated, H 3 Q + or H>OH + , and call it “hydronium 


ion. 


1'his is cumbersome and should be understood rather than 


'a i it ten. W e do not trouble to tell the truth about the blue cupric 
ion, C.u(H->0) , T 4 as it exists in aqueous solution, every time we 
write it in an equation. 


This section becomes especially important if the instructor 
elects to omit the next chapter. 

Colors of Solutions. Water solutions of sodium chloride are 
colorless at every concentration, so we conclude that sodium ion 
and chloride ion, as well as the molecules of sodium chloride, are 
coloi less. The sulfate ion must be colorless because sulfuric acid 
solutions have no color. Hydrated copper ion must be blue since 
dilute solutions of copper sullate are blue. It may be objected that 
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the blue color is due to molecules. This cannot be true, however, 
because the dry salt, heated until all water is lost, is white, yet 
only practical molecules or ion pairs remain. In some solutions 
each ion and the molecules as well may have color. The actua 
color then is the resultant of a mixture of colors. 

2. To what is the color of a yellow solution of potassium chromate (K=CrO.) 
due? The purple of potassium permanganate (KMnOi) in dilute solu , . 

Ion Reactions. There are four types of double decomposition: 

1. Double decomposition with both products soluble 

2. Double decomposition with one product insoluble (or 

slightly soluble) ... 

3. Double decomposition with both products insoluble 

4. Double decomposition with one product only slight y 
ionized. 

As an illustration of 1 we give the usual formulation: 

NaNOs + KC1 <=r NaCl + K-NOs 
NaNOs — ► Na + + NO 3 
K.C1 — ► Cl" + K. + 

Actually in dilute solution we have only the four ions. Upon 
actually in uuu ions c i osc together in the 

evaporation to dryness we bung 

crystal lattices of four types of practical molecules^ 

Type 2 is illustrated by a mixture ol solutions of silver 

and potassium chloride: 

AgNOs — > Ag + + N ° 3_ 

KC1 -> Cl" + 

I 

AgCl 

Apparently all that happens is 

Ag + + Cl“ — > Ag + Cl“, 

• 1 «nii«.r to remember that on evaporating 

but it is often a practical matter to run. > ' • m 

the water from the filtrate a very rea 1 substance pota^smm 

nitrate, KNO,„ is obtained. It is often tedious to tell the whole 
truth in writing equations. 
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Since silver chloride is but slightly soluble both the silver ions 
and the chloride ions are largely removed from solution and tied 
up in the precipitated silver chloride. 

Type 3 is not so common. It is illustrated by the reaction be- 
tween solutions of barium sulfide and zinc sulfate. All the ions 
concerned are nearly completely removed in the two insoluble 
products, barium sulfate and zinc sulfide: 

BaS 4- ZnSO.s — > BaS0 4 + ZnS 

Type 4 is well represented by the neutralization of an acid by 
a base. Here the hydroxyl and hydrogen ions are tied up in mole- 
cules of water, which ionize to only a trifling extent: 

NaOH -> Na+ + OH~ 

HC1 -> Cl' + H + 

i 

H>0 


An important variation of type 4 in approximate accord with 
the classical Arrhenius theory of ionic equilibria should also be 
represented here: 

NaOH -> Na+ + OH" 

H- Acetate Acetate - + H + 

i 

h 2 o 

Here the ionization equilibrium of weak acetic acid is actually 
displaced to the right by removal of H f ions as molecules of 
water. So with all weak electrolytes. 

Attack of Acids on Insoluble Hydroxides and Salts. Strictly 
speaking, the ‘ insoluble” hydroxides and salts actually have a 
slight solubility and so are in equilibrium with their own ions: 


Precipitate 

Cu(OH) 2 


Solution 

Cu(OH ) 2 


Ions 

Cu ++ + 20H 


Addition ol acids displaces both equilibria to the right. 
Neutralization. \\ hen a liter oi a normal solution of any strong 
acid neutralizes a liter oi a normal solution of any strong base ap- 
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proximately 13,700 calories of heat arc released. Remember 
these electrolytes are ionized before they are mixed. 


Na+ + OH” + H+ + Cl- 
If- + OH' + H + + Cl- 
2 Na + + 2 OH- + 2 H+ + SOr 
Na+ + OH- + H+ + NOr 


Na + 4" Cl + H-iO 

+ 13,700 cal. 

K+ + Cl" + H >0 

+ 13,700 cal. 

2 Na + + SO r + 2 H .O 

+ 27,400 cal. 

Na + + NO 3 - ■+■ H >0 

4- 13,700 cal. 


Ba ++ -1- 2 OH" + 2 H + + 2 Cl 


Ba ++ 4- 2 Cl 4- 2 H »0 

4- 27,400 cal. 


The only thin ? com, non ,0 all these reactions ,s the formation of mote. 

The heat of neutralization is really the heat of formation from 

H- and OH-) of 18 g. of water in each case. 11 sodium chloride 

ready formed and stayed formed in the first reaction above, its 

heat of formation would be added .0 1 3,700 cal - The -me is true 

for the other salts mentioned, each with a different heat of 

formation But the constant value of the heat of neutralization 

s convincing evidence that the only ions .ha, stay together to 
is convincing c . . roxv l in the form of water. So 

any extent arc hydrogen and hy y hvdroeen 

the essential feature of neutralization ,s the union o the hydrogen 

ion of an acid with the hydroxyl ion of a base to form water. 
Nothing else happens with well-iomzed electrolytes. 

Titration with Standard Solutions. A solution of any definite 

• Altratlon w . railed a standard solution. A normal 

known concentration is often called siana ronta ins 

solution of any acid is such a smn ar so solution 

‘r° 08 g i 0fi °:Sns 17 008 g of ionhtable hydroxyl per liter, i, 
is eHdem that a liter of one exactly neutralizes a liter of the other : 

H + (1.008 g.) + OH” (17.008 g.) - H.O (18.016 g.) 

In fact equal volumes are equivalent. If we wished “ 
the strength of an unknown solution of 

any base) and had, for cxa.n[ y • arcura tely marked 

acid, we could do this by titration. W ith an Y 
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pipette or burette (Fig. 87) we measure out a convenient volume, 
say 20 ml., of the acid into a small beaker. A few drops of litmus 
solution are added to this, turning red, of course. Then we care- 
fully run in (drops, not a stream) the unknown base until one 

more drop just turns the red to blue. 
This means that there is just enough base 
to react exactly with the acid. Suppose 
20 ml. of 0.1 N HC1 neutralized 16 ml. 
of unknown sodium hydroxide. It is evi- 
dent that the volumes of acid and base 
used must be inversely proportional to 
their normality. For example, 100 ml. of 
N acid would neutralize 50 ml. of 2 N 
base. In this particular case the proportion 
may be expressed as follows: 

Normality Normality 
Ml. Acid Ml. Base of Base of Acid 

20 : 16 = * : 0.1 

16 x = 2.0 

x = 0.125 

Therefore the base is 0.125 N. 

If desired, titration problems may be 
Fig. 87. Titration. solved in a different way. In the illustra- 
tion given the number of grams of HC1 in 
20 ml. of 0.1 N solution could be calculated. Next the number of 
grains of NaOH required to neutralize this weight of acid could be 
calculated (equation, etc.). This is, of course, the weight of NaOH 
actually contained in 16 ml. of the unknown solution, the volume 
lound by the titration experiment to be equivalent to 20 ml. of 
0.1 N acid. It is, then, a simple step to compute the weight of 
NaOH in 1 ml. and in 1 liter. 



Such analysis of acid 

alkalimetry. 


or base solutions is called acidimetry or 


3. How many ml. of 0.1 N MCI arc required to neutralize 250 ml. of 1.2 N 
KOH? 

4. If 60 ml. of unknown sulfuric acid neutralize 25 ml. of N KOH, how many 
grams of acid are contained in 1000 ml.? What is its normality? 
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5 Remembering tha, ammonium hydroxide in 0.1 N concentration is only 
1 3 per cent ionized, while 0.1 N nitric acid is apparently 93 per cent ton, zed 
would you say that a liter of 0.1 N NH.OH would jus. exactly be neutralized 

by a liter of 0.1 N HNO,? Explain. 

Indicators. Indicators are substances that change color when 
their solutions pass from the acidic to the basic condition or vice 
versa. The color change at neutrality is cailed the and 

the process is titration. Litmus changes 10 m i t >n 
base; phenolphthalein from colorless m aetd to pmk m b«, 
i t r "-.I, arid tO VCllOYV 111 baSC. 1 HC Sliai p 

ccdor'change "should indicate neutrality, when the number of 

H + ion, exactly equals the of 

tors do not change colo untdjherc^ ^ ^ ^ eigh(y 

etthcr H + •«»« or OH m - bcfor e phenolphthalein 

ocangc - r - ^ — 

U closer to the numerical 

Cq Sol2 i«rs S , a ,t 0 p H henoT P 'it hal ei n . are sodium salts of 

weak and colorless acids. _ 

m Na Indicator -* Na + + Indicator 

v 1 > colored 

(2) H - Indicator ^H + + Indicator" 

colorless 

• I » cl i trlii lv to the right and the solution 
Reaction (2) proceeds o or QH - io ns, displaces the 

is colorless until addition - sly thc concentra- 

equilibrium to the right, increasing 

tion of thc colored “Indicator ton. addition of 

Reaction (1) changes over to reaction 1 

H+ ions and the solution betwcc n water and some 

Hydrolysis. on th e presence of the ions 

other compound, and d p ^ (he tcrm ; s ap p, ie d to a 

formed from water. St ly ^ P ^ ^ phosph orus tribromide, 
reaction of water with by water. Water 

which is not a salt, is co i y 
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solutions of sodium carbonate are basic. The minute ionization 
of water (proved by the slight but distinct conductivity of the 
purest water) is a vital factor. 

Na 2 C0 3 -> 2 Na+ + C0 3 “ 

H.O <=± OH" + H + 

i 

HC0 3 - 

Only one water molecule out of many millions is ionized, but as 
the few H + ions are tied up in the very weak HC0 3 _ ion the 
further ionization of water is promoted. More water ionizes and 
the excess of free OH - ions increases until the solution is very 
strongly alkaline. The bicarbonate ion, HC0 3 - , is ionized into 
H + ion and ion to such an extremely minute degree that it 

very effectually removes H + ions from the solution. 

The neutralization of a dilute solution of a strong base with a dilute solution 
of a strong acid yields the same heat of neutralization in all instances. 

H + + OH- — H 2 0 4- 13,700 cal. 

The reverse reaction indicates that heat is absorbed in the ionization of water, 
therefore, rise in temperature aids this ionization, yielding greater concentra- 
tion of H + and OH" ions. Hydrolysis of salts increases with rise in temperature. 

If a cold, saturated solution of sodium bicarbonate (with phcnolphthalcin) 
in a test tube is half immersed in ice water, the cold portion is colorless while 
the warmer part is colored, due to increased hydrolysis. 

The net result of hydrolysis of Na 2 C0 3 is an equilibrium condi- 
tion lavored to the right or left by the presence of more or less 
water: 

Na 2 C0 3 -f- H.O Na + + OH - 4- Na + 4- HC0 3 ~ 

Solutions of ferric chloride react acidic: 

FeCl 3 -> Fe+++ 4- 3 Cl“ 

3 H>0 <=> 3 OH- 4- 3 H+ 

I 

Fe(OH) 3 

l erne hydroxide is very insoluble, so it removes OH" ions from 
solution and continuously disturbs the ionization equilibrium of 
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water. Therefore a distinct excess of H H ions develops, paired off 
with Cl" ions as the equivalent of HC1 in solution. 

Some salts arc acid in solution for a different reason as in- 
dicated by: 

KHSO^ -> H + + K + + SO 4 " 

Solutions of sodium chloride are neutral, as neither H + ions 
nor OH" ions are removed from solution. The ionization of 

water is not promoted : 

NaCl -> Na + + Cl” 

H 2 0 OH" + H + 


There is, then, no excess of either H + ion or OH ion. 

From these type reactions we learn that a salt of a .strong T>asc 
and a weak acid (2 NaOH + H.COs - Na 2 C0 3 + 2 H,0 is 
hydrolyzed to yield a basic solution. Salts of a weak base and a 

strong acid (Fe(OH), + 3 HC1 - FeCU + 3 H 2 0) 

in water. Salts of a strong acid and a strong base (HC1 + NaOH 

— > NaCl + HjO) react neutral in water. Salts of a weak acid 

and a weak base are nearly completely hydrolyzed. 

6. Diagram the hydrolysis of potassium acetate. Of A1.S,. 


Hydrolysis is practically the reverse of neutralization: 

Fc(OH) 3 + 3 HC1 <=± FeCIs + 3 HsO 

Neutralization — > <— Hydrolysis 

Hydrolysis may be termed the reaction between an ion and 
water, e.g. 

COr + H.O I ICO3" T OH" 

Hydrolysis of a salt evidently depends upon a difference in 

- *« -** “ n 

form that salt. If there is no difference as in NaCl (from 

4- NaOH) the solution is neutral. 

Influence of Solvent on Ionization. The water molecule . an 

electric dipole with the center of the positive charge located in 
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one part of the molecule and the center of the negative charge in 
another part. It is a two-pole particle somewhat like a magnet: 

H+— 0= 

I 

H+ 

Ions at the surface of a solid electrolyte attract the oppositely 
charged ends of these dipole water molecules and are pulled 
away from the solid into solution as hydrated ions. 

As it happens the bonds in HC1 molecules are not electro- 
valent, but must be covalent (sharing-of-electrons type) because 
liquefied dry HC1 is not a conductor, unlike fused NaGl which is 
an clectrovalent compound. When HC1 is dissolved in water the 
effect of such a polar solvent is to change the bond to the electro- 
valent type. Water molecules accept or seize the proton, H + , 
forming the hydrated cation (hydronium ion) and the free 
chloride ion. 

Ionic Displacement. Metals at the top of the activity (or 
electrochemical) series (see page 99) have the greatest tendency 
to enter the ionic condition (to lose electrons). 

For example: 

Zn + 2 H+ + 2 Cl' — H 2 T + Zn++ + 2 Cl“ 

I t 

2 € 


By loss of electrons the neutral zinc atom becomes a positive ion 
and by gaining those same electrons the positive hydrogen ions 
become electrically neutral atoms, joining in pairs to form insolu- 
ble hydrogen gas. 

Since the chloride ions remain unchanged in solution what 
really happens is: 


Zn + 2H+ 



H 2 | + Zn++ 


It is common knowledge that an iron nail dropped into a solu- 
tion of copper sulfate becomes coated with red copper and that 
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all the iron eventually dissolves, removing all the blue color hom 
solution (if sufficient iron is used) : 

Fc + Cu ++ + SO r -> Fc ++ + SO - + Cu 1 

I T 


2 e 

From these two experiments and others it is evident that any 
free metal in the activity series displaces, from solutions of ns 
salts, any metal below it in the series. Metallic zinc gives electrons 
to ionic hydrogen or to ionic silver, etc. Metallic iron gives elec- 
trons (in the same number as its own valence number) to ionic 
copper but obviously metallic copper cannot give electrons to 

ionic iron or to the ions of any metal above it. 

Exercises 

7. Wha, is the result of mixing copper with a -lotion of 

Explain the action of iron on a solution of PbtNOsK had nitrate. 

^ . . , .. P../OHU is a very weak base. Docs an aqueous solution 

8. Cupric hydroxide, C.u(UMJa, w a vu, 

of CuSO« react acidic or basic? ? 

9. How does hydrolysis prove tog<;lhcr shifls „ carcr 

I0 ' !l a ,he V nudeu P "of 0 Aand r, r!.r.her from B, which atom becomes positive 

and which negative? ^ ^ admiUcd|y bolh ions and mole- 

11. In aqueous acetic ac solution). Upon further dilution more 

rules (largely molecules^ ° ^ c|< . ctrovalt .„, H„ kae e of the 
molecules ionize. In term a ,„,ns can you explain the 

acidic hydrogen atom to one ol > 

,, t:i » .» - * ■ - 

s~. — ». » — - — - 

normality of an acid solution? (See Appendix.) 

14. Wha, types of substances serve as acid-base indicators. 

15. Explain why liquid HC1 does not conduct electricity. 


Chapter 22 the modern theory 

OF ACIDS AND BASES 


general systems 


In H,0 


In NH, 


| Acids yield H + 

or H ; 0- H + HC1 ^ H + + Cl" 

Bases yield OH“ KOH p*K + + OH~ 

Ncutralization forms solvent molecules, H-O 
t KOH + HC1 — H.O + KC1 

Acids yield H + which may associate with NH 3 to form 
NH, + or NH 3 H + NH.Cl ^ NH 4 + + Cl" 

Bases yield NM 2 " KNH 2 K + -f NH. - 

Neutralization forms solvent molecules, NH 3 
l KNH, + NH,C1 - 2 NHj + KC1 

Acids yield CO ++ CO A1 2 C1 8 ^ CO ++ -f A1 2 C1 8 “ 

1 mn / , x ,? T asCS yicld CI ='“ CaCl 2 - Ca + + + Cl 2 ‘- 

In COCI 3 (phosgene) j Neutralization forms solvent molecules, COCl 2 

COAljCL -f CaCI 2 — CaAI-Clg + COCl 2 

ac *d base salt solvent 


l 


Bure sol\ cuts ionize + "b OH 

slightly • NH ’ *=* H+ + NHr 

lCOCl a j=sCO + + + Clj- 

U is | ntc * cstin g to note that, although anhydrous liquid phos- 
gene, COCl„ is a very poor conductor of electricity, a solution of 
anhydrous A1C1, in phosgene attacks metals, metallic oxides, car- 
bonates. and conducts electricity 100,000 times as well as the 
pure solvent. Furthermore when such a solution is elcctrolvzed 
carbon monoxide escapes at the cathode and chlorine at’ the 
anode, an action reminiscent of the electrolysis of a dilute 
aqueous solution of sulfuric acid. Metals displace hydrogen from 
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aqueous acid solutions but from substances which are acids in 
phosgene only carbon monoxide gas may be displaced. Salts with 
phosgene of crystallization are known just as, in aqueous systems, 

salts with water of crystallization arc prepared. 

Ammonium nitrate in liquefied ammonia attacks steel and 
some metals as well as their oxides and hydroxides, acting like 

an acid in water. 


Exercise 

1. If KSH were considered as a base in the liquid HS system what would be 
an acid? How would neutralization operate? 

Liquefied sulfur dioxide is also an ionizing medium, itself dts- 
sociating to some extent as follows: 


2 SO-, fs(S0 3 )'“ + (SO) 


+ + 


The (SO) ++ cation is comparable to H* in the water system 
while the (SOs)— anion compares to OH- in water. 

2. How would dissolved SOC1, act in SO,? And what role would KrSO, 
play? Explain and complete K.-SOj + SOCI . —? 

Our theories of solution and ionization have developed largely 
from a study of water solutions. Yet we have long known l a 
fused salts are excellent solvents for other salts and that they 

ionize and may be electrolyzed. . • 

Franklin and others called attention to the soiut.on .on zat.o 
neutralization, and electrolysis possible in liquid • 

(NHj, not NHlOH) as decidedly parallel to sum ai I 

in the usual water system. Others have shown s'mdar paralk Is . 

liquefied hydrogen sulfide, hydrogen cyanide, sulfur dioxide, 

phosgene, etc. 

Nom: Since firs, -year cohege " 

££££ “^^ludcnfr conceptions of chemistry ...hough it may 

bC This'du oryTs I— no pro.ons arc invobn-d in 
phosgene (COC1,) or in high-temperature reaction between 
CaO with SiO z . Other exceptions might lx- nairn . 
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From the comparisons above, it might be stated that acids in 
general are ionic compounds which in any solvent yield the same 
cation as the solvent does while bases are ionic compounds that 
yield the same anion as the solvent. Neutralization is the forma- 
tion of solvent molecules from appropriate cations and anions 
leaving a salt, or its equivalent ions, in solution or as a precipitate. 


THE BRONSTED THEORY 

Bronsted (aided by earlier work of others) in 1923 proposed a 
simple but universal system of acids, bases, and salts. His defini- 
tion of an acid can not be applied to the phosgene system. 

An acid is a substance that yields protons, and a base is a 
substance that unites with protons. In other words, an acid is a 
proton donor and a base is a proton acceptor. 

Acid ^ H + + Base 

Any molecule with an unshared pair of electrons can act as an 
acceptor for a proton. 

The base may be an ion such as OH - or S“ or a neutral mole- 
cule like NH a . In special instances the relations may be formu- 
lated as follows: 


HA *=* H + -f- A" 

Acid Proton Base 

I he acids and bases bearing this relation are called corre- 
sponding or conjugate acids and bases. 

It is very doubtful if protons, relatively minute in size and 
gie.uly outnumbered by the water molecules of an aqueous solu- 
tion of acid, can exist free. Bronsted and his followers prefer to 
speak of the proton, or hydrogen ion, in aqueous solution as 
definitely associated with a solvent molecule. Not the hydrogen 
ion I I \ but the “hydronium” ion, H_.OH + or H a O + (sometimes 
called the “oxonium" ion), is the characteristic of all aqueous 
solutions of acids. And, since the H-jO molecule unites with a 

proton, water acts in this instance as a base, according to the 
Bronsted definitions. 

for that matter, negative ions are bases when they accept 
protons. In water solution the chloride ion has but little tendency 
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to unite with protons. But the acetate ion is quite competent to 
decrease the acidity of dilute aqueous solutions of HC1 by uniting 
with hydrogen ions (rather, hydronium ions) to form poorly 
ionized molecules of acetic acid. Note what happens when 
sodium acetate is added to dilute hydrochloric acid. 

H 3 0 + -b Cl- + Na + + Acetate- 

Acid Strong Base 

Na + + Cl“ + HsO + Acetic acid 

Base 

Here the acetate ion may be called the “conjugate base” to the 
hydrogen ion. 

“Basic substance” is a useful term. “Basic hydroxides” applies 
to hydroxides of the metals. The most important property of 
bases is their ability to neutralize acids, but other substances than 

hydroxyl ions can do this. 

The C0 3 = ions arc basic in the sense that they unite with 
hydrogen ions or protons. 

H + + CQ 3 “ -> HCO 3 - 


Thc HC0 3 - ions arc also basic but less so. 

H + + HCOa" -> H .CO 3 

An X-ray photograph of crystalline HCIO . H.O shows that 
the CIO,- ion is one unit in the space lattice and that the other 
is not the H + ion but a hydrogen ion (or proton) closely asso- 
ciated with a water molecule as HO’ or H-O H 

All negative ions, being proton acceptors to some degree are 
considered to be bases with a special distinction given to OH 
as the strongest base which can exist in water solution 

Apparently the process of ionization in a solvent ts dependent 
upon a close association of molecules of the solvent with the tons 
formed. In an acid solution the proton is attached by covalence 
to a molecule of the solvent. Compare solutions of acids in liquid 

ammonia, water, and ethyl alcohol. 


NHj + HA 
H 2 0 + HA 
C 2 H 6 OH + HA 


NH, + (or NH a H+) 4- A’ 
HaO 1 (or H.O H+) + A 
CjHiOHH* + A” 
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Substitute HC1 for the general acid term, HA, above and you 
have well-known reactions. Even the alcohol molecule as solvent 
can hold a proton, taking on its positive charge for the entire unit 

C 2 H 5 OH • H + . 

When HC1 gas is dissolved in water the strong attraction of 
water for the proton tears it away from the chlorine atom, leaving 
to chlorine the electron originally contributed by the hydrogen 
atom in forming a pair of electrons shared with chlorine. 


H 

H:C1: + HOH -> (:C1:)“ + (H: 6 :H) + 

Briefly, HC1 + H 2 0 -> Cl” + H 2 0 • H + . From H:S:H water 

can draw away only a few protons or hydrogen ions. Conse- 
quently HoS is but slightly ionized in water. 

Anions of unit charge and large radius hold protons weakly 
because they cannot approach closely enough to the proton to 

attract it firmly. With greater charge the attraction increases and 
the acid is weaker as in H 2 S. 

Certain covalent chlorides such as HC1 and A1C1 3 react with 
water to form ionic compounds. 

HC 1 + H ,0 -> H 2 O H + 4 - Cl” 

L T 

H + 


Protons, or H ‘ ions, have a great tendency to unite with OH”, 

I IS , HCOr, and other anions of very weak acids but most ions 

d° not unite in solution to form actual molecules. However, ion 
pairs may exist briefly. 

W hen acids dissolve in non-ionizing solvents they yield no H + 

ions, yet they may show color changes with indicators as they 
react with basic substances. 

3. What ion is the base in a water solution of Na,CO a ? In KSH solution? 


II the H.O molecule were a stronger proton acceptor it could 
break the bond by which the H+ ion is held to one of the oxv-en 
atoms of acetic acid, CHj-COOH, and thus promote “ioniza- 
tion. Strong bases (such as the OH” ion) can do this 
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In some instances the dielectric constant (insulating capacity 
of solvent) has only a secondary influence on ionization. Hydro- 
gen chloride dissolved in ethyl alcohol, C->H 3 OH, is a strong acid 
while dissolved in nitrobenzene, C^H^NO*, it is a weak acid. 
The dielectric constants are nearly the same. The explanation is 
that C>H 5 OH readily accepts protons, H + ions, while C 6 H 5 N0 2 
is a poor proton acceptor. 

The Bronsted theory does not change our conception of the 
titration of acid-base in water but does force upon us a new 
viewpoint in titrations in non-aqueous solutions. 

Acids in such solvents do not contain or liberate protons (as 

in water) but other cations instead. 

It certainly is unnecessarily cumbersome to write H 3 0 + instead 
of H + in equations which are supposed, by their shorthand char- 
acter, to represent action and thought at their simplest. 

(1) H + + Cl" 4- Na + + OH" — > Na + Cl” + H a O 

(2) H 3 0 + + Cl" 4- Na + 4- OH" — > Na + Cl" 4- 2 H .O 


In (2) there is an extra molecule of water to remember and in 
many other equations different from neutralization the H >0 part 
of H 3 0+ must be carefully disentangled and accounted lor on the 
right. Possibly no harm is done if one remembers that the proton 
(hydrogen ion) is hydrated as H a O+ and then proceeds to write 
down the simplest possible symbol for it, H + . There is gooi 
precedent here for it is the general practice to ignore hydration 
of other ions, Cu(H s O), ++ , etc., in writing equations. 


Exercises 

4. Why is H 2 S so weakly ionized in water solution? 

5. How is i, possible that covalent A1CI, when dissolved in water conducts 
electricity so well? 

6. Why isn’t HC1 ionized when dissolved in benzene? 

7. Why is the acetate ion a good base and the chloride ion a poor one. 
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Chapter 23 equi librium 


We have had illustrations of reversible reactions or processes 
arriving at equilibrium on pages 96 and 135. Others will appear. 

Exercises 

1. Give an illustration showing how an ionic equilibrium can be disturbed by 
tying up one of the ions in molecules of a weak acid or a weak base. 

2. The preparation of a pure compound by double decomposition depends 
upon a choice of reacting ions such that 
the reaction shall proceed to completion 
or nearly so. Give examples of different 
ways in which this may be done. 

Two types of equilibria arc shown 
in Fig. 88, a reaction equilibrium 
and a solution equilibrium. If the 
bottle is only partly filled, NH3 es- 
capes into the air space until the 
velocity of return of NHs molecules 
equals that of escape, when an 
equilibrium results. If the stoppci 
is removed, NH3 molecules wander 
away without adequate return, thus disturbing the solution 

equilibrium. The loss of more dissolved Nil:, disturbs the reaction 
equilibrium and finally nothing but water is left in the bottle. 
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3. What would happen if to a bottle half filled with ammonia water an excess 
of acid were added, the stopper quickly replaced, and the bottle shaken? 

4. Iodine water is shaken with carbon disulfide. Then a base is added with 
shaking. Explain why the carbon disulfide becomes colorless. 

Effect of Change in Temperature. All reactions increase in 
speed with rise in temperature, but such increase is not the same 
in all cases. Thus one reaction in an equilibrium condition may 
be accelerated more than the opposing reaction. As a result the 
equilibrium would be disturbed and a new adjustment of re- 
action velocities reached. That reaction will be favored which 
absorbs heat. “With rise in temperature an equilibrium is dis- 
turbed in the direction which absorbs heat” (Van’t Hoff’s Law). 
For example. Deacon’s obsolete process of making chlorine from 
hydrogen chloride works best at a moderate temperature: 

4 HC1 4- 0 2 5=* 2 HoO -f 2 Cl 2 + 28,000 cal. 

A rise in temperature disturbs the existing equilibrium to the left. 

Of course some heating is neces- 
sary to secure sufficient velocity 
of reaction. 

Effect of Change in Pressure. 

Any increase in pressure on a sys- 
tem in equilibrium tends to bring 
reacting particles in closer contact 
and to compress the products. 
Consequently the formation of 
substances occupying a smaller 
volume will be favored. For exam- 
ple, one volume of nitrogen reacts 
with three volumes of hydrogen to 
form only two volumes of ammo- 
nia: 

N 2 -f- H 2 4* H 2 4* H 2 ;=* 2 NH 3 

In Haber’s process great pressure 
is applied because pressure favors the formation of two volumes 
ol ammonia from a total of four volumes of nitrogen and hydro- 



I ig. 89. The solution equilibrium of 
the system, sodium chloride crystal 
in watci, involves only the movement 
ot ions from the space lattice into 
solution and back into the space- 
lattice pattern. 


THE LAW OF MASS ACTION 
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gen. It goes without saying that high pressure must oppose the 
expansion involved in the decomposition of ammonia into its 
elements. This is an application of the Principle of Le 
Chatelier: 


“When a stress is applied to a system in equilibrium that reaction 
is favored which tends to undo the stress ." 

Effect of a Catalyst. The effect of a catalyst is merely to bring 
about an increased velocity of reaction and thereby hasten the 
approach to equilibrium. This is commercially important, for 
some opposing reactions do not come to a definite cquilibiium 
for months unless hurried by a catalyst. If a catalyst could really 
disturb an existing equilibrium, it would be possible to get work, 
done without any expenditure of energy by alternately remov ing 
and putting back the catalyst — a scientific impossibility. 

The Law of Mass Action. The speed of a reaction is propor- 
tional to the molecular concentration of the reacting substances 
and is also influenced by the nature of the molecules involved. 
(By a concentration of “1” we mean one gram-molecular weight 
per liter ) With solids and homogeneous liquids such concentra- 
tion changes with variations in pressure are not to be expected as 
with gases and substances in solution. Consider a reaction be- 
tween two gases, A and B, to yield C and D. 

A + B <=* C + D 


Suppose we have, in a unit volume, just 1,000,000 molecules of A 
and an equal number of B. At a given temperature, etc., the 
speed of reaction to the right will be definite. But ,i we double 
the concentration of A, use 2,000,000 molecules per unit volume 
without changing B, it is obvious that the speed of reaction will 
be doubled because there will be just twice as many contacts per 
second between A and B as before. If we then treble the concen- 
tration of B, take 3,000,000 molecules per unit volume, the pre- 
vious speed of reaction must be trebled, due to three times as 
many contacts per second as before. The final speed must be six 
times the original speed since it was once doubled and that speed 

immediately trebled. 
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The same facts may be expressed in another way. Let the 
molecular concentration of A (number of gram-molecular 
weights per liter) be represented by [A] and the molecular con- 
centration of B by [B]. Since the velocity of reaction is propor- 
tional to the concentration of A and also to that of B, it must be 
proportional to their product: 

[A] X [B] cc speed 

Now it isn’t really true that the number represented by this prod- 
uct equals the number of gram-molecular weights of C and D 
formed per second (the speed). VVe merely mean to say that the 
speed changes proportionately to any change in this product of 
the concentrations of A and B. We should, however, be justified 
in introducing a factor peculiar to the reaction, letting it repre- 
sent all the other influences affecting a reaction. [A] X [B] repre- 
sents the concentration influence only, but we must remember 
that temperature, affinity, and catalysis have an effect. Combine 
all but the concentration influence in k, which remains constant 
during any changes in concentration: 

[A] X [B] X k = speed 

The speed of reaction between hydrogen and iodine is repre- 
sented in exaetlv the same wav: 

» > 

I IT.] X [1 2 ] X k = speed 

Application to an Equilibrium Reaction. Let us assume that 

the reaction discussed is reversible: 

A + B *=t C + D 

Without further discussion it is evident that the speed of reaction 
to the left is proportional to the molecular concentrations of C 
and 1), and to a constant factor k' peculiar to that reaction: 

speed = [C] X [D] X k' 

When equilibrium is reached the two speeds are equal: 

[A] X [B] X k = [C] X [D] X k' 
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By a simple algebraic process we may transform this into a more 
useful statement: 

[C] X [D] _ k _ 

[A] X [B] k' 

Since both k and k' were constant factors, despite the changes in 
concentration the quotient p must also be a constant value rep- 
resented by K. The convenient phrase “equilibrium constant" is 
applied to K. 

An illustration of the application of the equilibrium constant 
may be found in the conditions present in a solution of chlorine 

in water: 

Cl., + H.o HCI + HOC1 
fClol x [H .o] X k = speed to right 

Speed to left = [HCI] X [HOC1] X *' 

[CU] X [H 2 0] X k = [HCI] X [HOC1] X k' 

[HCI] X [HOG] _ r 
[CU] X [H,0] 


Applications to Ionic Equilibrium. It is very interesting to 
formulate and compare equilibrium constants for weak acids and 
bases. Here we begin to see some reason for the preceding deriva- 
tion. In the case of ions a molecular concentration of 1 means 
the “molecular” weight of the ion in grams per liter Since the 
acetate ion weighs 59, there should be 59 grams of this ion per 
liter to give a molecular concentration of 1. Consider a typical 

weak acid, such as acetic: 

H C2H3O2 «=* H + 4 - C2H3O2” 

[H + ] X [CjHaOr] = K 
[H CyUriO.] 


Acetic acid is also written. H OAc. 

In a 0.1 N solution of acetic acid it ,s known (from electric 
conductivity measurements, etc.) that 98 68 per cent of the 
molecules arc, at any instant, undissoc.aled while 1.32 per cent 
have ionized. Purely as an aid to quick thinking we might argue 
that if the solution were 1 N instead of 0.1 N and if none of the 
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molecules ionized the molecular concentration would be exactly 
1. Similarly we might argue that in a 0.1 N solution, if none of 
the molecules ionized, the molecular concentration would be 0.1. 
But proceeding from fancy to fact we learn that in this 0.1 N solu- 
tion 98.68 per cent (not 100 per cent) remains in the molec- 
ular condition. Consequently the molecular concentration is 
0.1 X 0.9868 = 0.09868. 

By similar reasoning, starting with a tentative hypothesis that 
ionization is 100 per cent, we learn that the ionic concentrations 
are [H + ] = [OAc“] = 0.1 X 0.0132 = 0.00132, since each 
molecule which dissociates will produce one H + and one OAc - 
ion. We learned above that the concentration of undissociated 
molecules [H-OAc] = 0.09868. 



0.00132 X 0.00132 
0.09868 


= 0.0000177 = 1.77 X 10~ 5 


For weaker acids (and bases) the ionization constant is 
still smaller. For example, for hydrocyanic acid, HCN, K 
= 7 X 10-»°. 

Dilution does not change the ionization constant, because of 
the readjustment of all numerical values in the fraction above. 


IONIZATION CONSTANTS 25° 


Acetic acid 1.86 X 

Carbonic 3 X 

Carbonic (2d • H) 6 X 

Prussic 7 X 


10-5 

Sulfuric 

10“ 7 

Sulfuric (2d 

10 -» 

Ammonium 

10-1° 

Water 


4 X 10"» 
•H) 1.9 X 10“* 

hydroxide 1.8 X 10 -i 

10 -" 


In an aqueous solution of ferric chloride the equilibrium, 2 FeClj + 3 H 2 0 
«=* 2 I'c(OH) 3 + 6 HC1 can be displaced to the left by addition of HC1. This 
also forces formation of more molecules of FcCh from its ions (and excess Cl" 
from HC1). Mix water, ether and ferric chloride in a test tube and shake. 
An upper layer of water (containing some ether) and a lower layer of ether 
(containing some water) form. Ferric chloride is distributed in both layers, 
and more will dissolve in the ether if MCI is added. Molecules of this salt are 


more soluble in ether while its ions arc 

more soluble in water. 



Molality of HC1 2.5 

4 

6 

8 

10 

Per cent of FcC 1 3 in ether 0.5 

l he maximum is at 6 to 6.5 M. HC1 

40 

98 

82 

2.7 


THE SOLUBILITY PRODUCT 
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The Solubility Product. 1 An equilibrium between the ions in 
a saturated solution of silver chloride (slightly soluble) and the 
ions in the space lattice of a solid fragment in contact with the 
solution may be formulated as below: 

Ag + Cl - ^ Ag + + Cl - 

Undissolvcd solid Ions in solution 

If this were formulated by the classical Arrhenius theoiy it 
would appear like this: 

[Ag+lxjcr] 

[Ag+cr] 

But the concentration of Ag+Cl" (molecules to Arrhenius) in a 
saturated solution could not change as long as saturation con- 
tinued, so [Ag + Cl“] may be called a constant: 

fAg + ] X [C1-] = K 
k 


or 


[Ag + ] X [Cl - ] = K X k = K' in a sat. sol. 


Whatever the inaccuracies of deriving this 
theory it is practically correct for the satur 
are only slightly soluble. 


formulation from the Arrhenius 
a ted solutions of electrolytes that 


In saturated solutions of slightly soluble salts (or electrolytes) the 
product of the gram-ionic concentrations ( solubility product) is a 

constant. 


Such solutions arc very dilute and interionic attractions almost 

negligible. . 

On paper one might attempt to formulate a similar equilib- 
rium, or ionization, constant for strong acids, bases and salts, but 
K in any such instance is not really a constant value at different 
concentrations. No wonder, for such molecules in any but con- 
centrated solutions are practically completely ionized We may 
speak of the “apparent degree of ionization but this simply 
means that interionic attractions and viscosity interfere so muc i 

» A brief table of solubility products is found in the Appendix. 
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with freedom of movement of ions that the “effective concentra- 
tion” of ions may be less than that calculated on the basis of 
complete ionization. With greater dilution this interionic attrac- 
tion decreases as the ions are separated farther apart by the 
solvent. 

With a very low concentration of Cu ++ ions in a solution there 
need be added only a small concentration of S" ions to exceed the 
extremely small solubility product of copper sulfide and thus 
cause precipitation: 

[Cu++] X [S=] = K 

The converse of the above must be that whenever the product of 
the concentrations of any two ions in a saturated solution is made 
less than the actual solubility product of this compound, any 
undissolvcd substance present must dissolve. If to a suspension 
of Fe(OH) 3 any acid is added, the precipitate dissolves: 

Fe(OH) 3 +± Fe +++ + OH" + OH“ + OH~ 

The H + ions of the acid unite with OH - ions to from water. 
Consequently the product of the concentrations of the Fe +++ ions 
and OH - ions falls below the solubility product and more 
precipitate must dissolve. 

Effect of a Common Ion. The effect of exceeding the solubility 
product is well demonstrated by the addition of about 10 ml. of 
a saturated solution of silver nitrate to 250 ml. of a saturated 
solution of the slightly soluble silver acetate. The solubility 
product of the latter at room temperatures is about 4 X 10~ 3 . 

Ag-OAc Ag + 4- OAc“ 

(Solid) 

In half a minute or less a precipitate of silver acetate settles out 
because of the increase in concentration of the silver ion. The 
same result of the common ion effect may also be shown by addi- 
tion ol about 10 ml. of a saturated solution of sodium acetate to 
250 ml. of the silver acetate solution. 

The precipitate may be rcdissolved by addition of concentrated 
ammonium hydroxide which reduces the Ag + -ion concentration 
through the formation of a silver-ammonia complex ion. 
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Acetic acid is a weak acid but more than sufficiently ionized to 
turn methyl orange red. If to such a red solution a considerable 
amount of sodium acetate is added, the color changes to yellow, 
indicating a great suppression of H ' ion : 

[H+] X [OAc-] 


[H • O Ac ] 


= A 


Sodium acetate, like all soluble salts, ionizes very well, but com- 
parable acetic acid solutions contain a relatively small percentage 
of ions. Addition of much sodium acetate, therefore, greatly in- 
creases the concentration of the acetate ion in the equilibrium for 
acetic acid. Apparently this must increase the numerical value of 
the numerator in the above fraction, yet actual laboratory meas- 
urements show that A' has not changed. The explanation is 
simple: any increase in the concentration of acetate ions affotds 
more opportunities for contact with hydrogen ions, thus decreas- 
ing the concentration of hydrogen ions since some of them are 
tied up in the molecules of acetic acid thus formed. Suppose the 
concentration of acetate ions were increased 100 times. \S c might 
conclude that the concentration of hydrogen ions must be de- 
creased to one hundredth of its previous value, but the value ol 
[H ■ OAc] is also increasing. The fact is, all values adjust them- 
selves so as to maintain K as a constant. Addition of potassium 
acetate would suppress the ionization of acetic add in the same 

^Equilibrium in Acidic and Basic Solutions. As shown by the 
facts of hydrolysis there is an equilibrium in pure water. 

H + + OH" «=* H,0 

Addition of an acid disturbs this equilibrium to the right and 
decreases the concentration of OH ions, perhaps almost to he 
vanishing point. Addition of a base to water also disturbs the 
equilibrium to the right by decreasing the concentration of H 
ions. In each case it is a matter of addition of a common on 
either H + ions or OH ions. “Mass action expresses it. It » 
usual for us to think of an acid solution as marked by the presence 
of H+ ions and entire absence of OH - ions. Such ,s no, the case. 
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An acidic solution is merely one in which there are more H + ions 
than OH - ions. A basic solution contains more OH~ ions than 
H + ions. A neutral solution contains H + and OH - in the same 
concentrations. 

Hydrolysis equilibria may be expressed so as to give a “hydrol- 
ysis constant” but that subject is more suitable for advanced 
study. 


Exercises 


5. What is the effect of adding ammonium chloride to a solution of am- 
monium hydroxide? 

6. Are there any OH - ions in a solution of an acid? 

7. What is the Principle of Le Chatclicr? Give an application. 

8. What is the equilibrium effect of addition of solid sodium chloride to a 
saturated solution of silver chloride? 

9. In a crystal of calcium carbonate there arc Ca ++ ions and CO a" ions 
arranged in a space lattice. Of course this “insoluble substance” really 
has a slight but measurable solubility. Explain in detail the mechanism 
of attack by dilute hydrochloric acid on CaCOa solid immersed in water. 

10. What is Van't Hoff’s Law? Give an application. 

11. Copper sulfate is very soluble and copper sulfide very insoluble. Which has 
the larger solubility product? 

12. In a molar solution of ammonium hydroxide the apparent fraction ionized 
is .0047. Calculate the ionization constant. 

13. What would happen to the acidity of a solution of hydrochloric acid if 
much sodium acetate were added? If any sodium salt of a weak acid were 
added ? 

14. Which reactions would lie favored by increased pressure? 

2 N0 2 2 NO + O, 

Ns + 0.^2 NO 
NO, «z± 2 NO; 


All the substances above 


arc gases. 


Chapter 24 


SULFUR AND 

hydrogen sulfide 


SULFUR 

(Selenium and tellurium are in the sulfur group. T hey are discussed on 
page 284 .) 

Sulfur was known to the ancients. The brimstone of the Bible 
was sulfur. Later .the alchemists considered it one of 

fundamental elements. or*c«ihlv 

Occurrence. Sulfur occurs free in volcanic regions, possibly 
because of the reaction between sulfur dioxide and hydrogen su 

fide found in volcanic gases: 

2 H 2 S + SO 2 -> 2 HoO + 3 S 

Sedimentary sulfur also occurs in large deposits ^ 

reduction of calcium sulfate by bituminous materia ^ 

cium sulfide (CaS), the release of hydrogen sulfide by ^ he r act ° 

of carbonic acid on the calcium sulfide, and final ° x “ ° f 
hydrogen sulfide to free sulfur. Combined sulfur is found in 
eral metallic sulfide ores as well as in gypsum (CaSO. 2 HiOh 
barite (BaSO,), celesti.e (SrSO,). and Epsom salt (MgSO, 

' 7 s‘£; is an essential element in all protein material and so is 
bullur is an tssem. . , 1 ncc t h c production ol 

found combined in plants and c < • motein is 

the offensive-smelling hydrogen sulfide on dcC ^ P ; d 

so rich in combined sulfur that spoiled eggs are easily -cognized 

by the overpowering odor of hydrogt n su *-• . cs 

Preparation. Sulfur volatilizes at very modern e temperature^ 
and thus may be distilled away from ,ts impurit 0^1 he vapom 

are condensed in large brick chambers. At first, before the 
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walls are heated by the gases, the sulfur settles as a yellow dust 
called “flowers of sulfur.” Later it condenses as a liquid which is 
cast into sticks of “roll sulfur.” 

In the United States the clever invention of Herman Frasch, an 
American chemist, made possible the cheapest production of pure 

sulfur (99.5 percent) yet known. 



Fig. 90. A sulfur well. (Courtesy The 
duPont Magazine.) 


In Louisiana and Texas great 
beds of sulfur occur at depths 
approaching 900 ft. A boring 
through the overlying rock 
reaches the bottom of these de- 
posits and into this hole three or 
four concentric pipes are driven 
(Fig. 90). The outer pipe has a 
diameter of about 8 in. Relying 
on the remarkably low melting 
point of sulfur (112.8°), water 
at 170° C. under 100 pounds 
pressure is forced down an outer 
pipe to melt the sulfur. But sul- 
fur is twice as heavy as water, so 
to make it lighter, hot air is 
forced down the innermost pipe 
(1 in.) to fill the liquid with 
bubbles. The frothy mixture 
rises between the air pipe and 
the hot -water pipe and flows in- 


to great wooden bins, where it 
cools to huge blocks. Many wells yield 500 tons daily. Some of 
the bins produce a single block containing several hundred thou- 
sand tons of sulfur. The great block, 99.5 per cent pure, is blasted 
into fragments, as needed for loading on trains. The Louisiana- 
Texas field produces about 4,000,000 tons of nearly pure sulfur 
yearly. Sicily is a poor second in annual production. 

Germany formerly recovered 50,000 metric tons of sulfur 

annually from coke-oven gases by controlled oxidation of the 
hydrogen sulfide. 
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Physical Properties. Sulfur is a pale-yellow solid, tasteless, 
and nearly odorless, insoluble in water but soluble in carbon di- 
sulfide and some other solvents. It exists in a number of different 
forms with distinctly different properties. This is an example of 
allotropy . (Ozone and ordinary oxygen arc allotropic forms of the 
same element. White and red phosphorus, as well as diamond 
and graphite, are also examples of allotropcs.) The stable form of 
sulfur, at ordinary temperatures, crystallizes in the rhombic 
system, but above 96° it slowly changes into the needle-like 
monoclinic crystals. On cooling the monoclinic crystals below 96° 
they change very slowly to rhombic crystals. Thus 96° is a 

transition point. 


Exercise 

1. In what connection have we mentioned transition points before? 

There is a distinct change in properties in this transition The 
density of rhombic sulfur is 2.07 and its melting po.nt 112.8. 
The density of monoclinic sulfur is 1.96 and its melting point 
119°. Of course natural sulfur is rhombic. This form can he 
obtained in the laboratory by allowing a solution in carbon 
disulfide to evaporate slowly (away from flames). II a large mass 
of molten sulfur (about 200 g.) is cooled slowly, the surface crust 
punctured, and the liquid below poured out, the dish will be 
found to contain a mass of needles of monochmc sulfur. On long 
standing below 96° these become rhombic. Apparently the 
needles remain, but upon examination they are found to be 

made up of minute rhombic crystals. ... , 

Amorphous Sulfur. Sulfur boils a, 444.6° but shows unusual 
property changes on heating. When sulfur is melted it first turns 
into a thin, pale-yellow liquid, easily poured then shows a rapid 
increase in viscosity a. 1 59.5°. At 230° the liquid becomes black 
and very viscous but at higher temperatures the viscosity again 
decreases. This is due to changing proportions of SX, S M , and 
possibly, other forms. Alexander Smith called the pale-yellow 
liquid SX and the thick dark liquid Sq. He proved that at inter- 
mediate temperatures the two forms are in equ.hbnum. 
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relative amounts shifting with the temperature. If sulfur heated 
nearly to boiling is quickly poured into cold water, it solidifies 
before crystals have time to form and becomes a rubbery mass. 
This soon hardens and then is only partly soluble in carbon 
disulfide. Crystalline S is removed by this solvent, leaving non- 
crystalline Sfi. A trace of iodine acting as a negative catalyst 
delays the return of amorphous sulfur to the crystalline form. 
There is only 3.6 per cent S fj. at 120° but 34 per cent at 445°. 

Amorphous S/u is also made by the reaction between sulfur 
dioxide and hydrogen sulfide, at 0°. (See page 259.) Solutions of 
polysulfides when acidified yield a suspension of S^ called milk 
of sulfur. The solid removed after slow settling is insoluble in 
carbon disulfide. 

Under 160° the sulfur molecule is probably an eight-membered 
ring but above 160° the rings are broken into chains that hook up 
and tangle to produce a great increase in viscosity. Chlorine or a 
trace of iodine shortens these long chains and thus decreases the 
viscosity. 

Sulfur Vapor. At 230° (under low pressure) sulfur must be 
represented by S 8 since 22.4 liters, corrected to standard condi- 
tions, weigh 256 g. 

At 800° the G. M. V. weighs 64 g., so S 2 is then the formula. 
At intermediate temperatures S 6 may exist, but probably there 
arc only mixtures of S 8 and So. In contact with air at such 
temperatures the hot vapors would burn. 

Chemical Properties. Sulfur is very active when heated. 
Merely rubbing it in a mortar with mercury produces black mer- 
curic sulfide (HgS). When heated it unites with all metals except 
gold and platinum and, when the reaction once is started, much 
heat is evolved. If a tube containing sulfur and iron filings is 
heated to glowing, the glowing continues even after removal of 
the tube from the flame. Moist sulfur is slowly oxidized in the air: 

2 S + 2 HoO + 3 0 2 -> 2 H0SO4 

It can be oxidized quickly by strong oxidizing agents, such as hot 
nitric acid. In fact sulfur compounds are torn down by this 

method and the sulfur is converted into sulfuric acid. It mav then 

/ 
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be converted into insoluble barium sulfate and weighed. This is 
the basis of our quantitative determination of sulfur in minerals, 
and in foods. Of course hot sulfur burns in air to form sulfur 
dioxide — and a trace of trioxide. 


SULFUR 


f Rubber 

Dyes and coal-iar products 
Carbon disulfide 
Insecticides and fungicides 
Explosives 

Pharmaceuticals and fine chemicals 
Oil refining 
Paper making 
Refrigerants 
Bleach 

(Oil refining 
1 Fertilizers 
Explosives 
Textiles 

I Acids and heavy chemicals 
HiS0 4l j ron and stcc i pickling 

Dyes. Coal-tar products 
Storage batteries 
Lacquers and plastics 
Paints 


SO, 




Hot sulfur unites with carbon to form carbon disulfide, and 
with hydrogen to form hydrogen sulfide. Sulfur reacts with hot 
chlorine to form the monochloride, S 2 C1,, which at 0° unites with 
more chlorine to yield the dichloride, SCI* Sulfur monochlonde 
was once thought to be SCI, hence the misleading name, he 
valence number of sulfur in H,S is two, in SO,, four, and in 

SOa six. . . 

More than 40,000 tons of sulfur are used yearly in vulcanizing 

natural rubber. Sulfur is in demand in the manufacture of carbon 

disulfide and matches and the sulfur-black dyes. Free sulfur ,s a 

necessary part of black gunpowder and of many ung.c.des and 

insecticides for plants. Europe annually applies 100 000 tons of 

the element to grapevines and to hops. The lime-sulfur spray » 

famous in this country. As sulfur dioxide, sulfur is necessary m 

the bleaching of straw and some other fabrics and has been in 

demand for bleaching dried fruits, English walnuts, etc. Solid 
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sulfur has a high electric insulating power, resists wetting by 
water, is inactive towards most acids, and has a fair degree of 
physical strength. These properties promise the development of 
new uses. Since moist sulfur corrodes steel it is best transported in 
aluminum cars. 

2. How many grams of sulfur arc required to make 55 liters of sulfur dioxide? 


HYDROGEN SULFIDE 


Hydrogen sulfide is found in some natural waters, such as the 
so-called “sulfur springs,” in volcanic gases, and in Mexican oil 
wells. Since albuminous material contains combined sulfur, its 
decay in the absence of air produces hydrogen sulfide. Thus sewer 
gas always contains hydrogen sulfide. In the distillation of soft 
coal some hydrogen sulfide is formed, necessitating the passage of 
the coal gas through layers of ferric oxide. 

Preparation. Hydrogen unites with hot sulfur vapor to form 
hydrogen sulfide, and this is a reversible reaction. The most con- 
venient laboratory method of preparation is the addition of some 
non-oxidizing acid to a suitable sulfide, preferably ferrous sulfide 
(FeS) because it is very cheap: 

FcS + 2 HC1 FcClo + H 2 S 


1 his reaction is slightly reversible but owing to the escape of most 
ol the H >S it runs practically to completion. It might reasonably 
be expected that iron pyrites (FcS 2 ) would be better since it is 
still cheaper, but it is not used because it does not react with an 
acid to form hydrogen sulfide, unless “active” atomic hydrogen 
is present. 


Soluble sulfides, such as sodium sulfide, react with acid rapidly 
(better contact), but for simple regulation of flow as in a Kipp 
generator the insoluble ferrous sulfide is best: 


Na 2 S + 2 HC1 -> 2 NaCl + H 2 S 

Since hydrogen sulfide is an acid in aqueous solution, the sul- 
lides ol metals are its salts. Many occur in nature and many are 
formed by addition ol soluble sulfides to salt solutions. Any sulfate 
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can be reduced to the sulfide by heating with carbon. If hydrogen 
sulfide is made from the resulting metallic sulfide, the two re- 
actions together may serve as a test lor the original sullate: 

BaSO 4 + 2 C -> BaS + 2 CO* 

BaS + 2 HC1 -> BaCl, + H 2 S 

Sulfur heated with paraffin (a compound of carbon and hydro- 
gen) is a convenient laboratory source of hydrogen sulfide. \\ ith 

butane the reaction is similar. 

2 CMxo + S 2 — > 2 CM, + 2 H 'S 


Hydrogen sulfide may also be prepared from the methane of 
natural gas. 

ono° 

CH< + S0 2 — + H 2 S + CO, + H 2 

Cdt. 

There is an increasing industrial demand for this gas, H.S. 

Physical Properties. Hydrogen sulfide is a colorless gas. lique- 
fying. t — 62° and freezing at -82.9°. Its critical temperature ts 
100° yet at 10 atmospheres the gas liquefies at _0 . At room 
temperatures about three volumes dissolve in one volume of 
water. It readily escapes from water. Its odor is very disagreeable. 
Air containing 1 part in 1000 is rapidly fatal, thus H* is nearly 
as dangerous as prussic acid but fur its warning odor. Since tins 
gas is evolved in some manufacturing processes ,t is an industrial 
poison The gas is about one and one-fifth times as heavy as air 
so it can be collected by air displacement. (Why not over w ate r ) 
Chemical Properties. A solution of hydrogen sulfide open to 
the air soon has a film of sulfur on the surface, showing how easily 
it is oxidized. A rapid oxidation is secured by burning the gas m 

air: 

2 H 2 S + O, -* 2 H,0 + 2 S 
S + o 2 -> SO, 

If a cold dish is held in the middle of the burning jet for a 
moment, a yellow spot forms. This is sulfur, of course, so it . 
evident that in the interior of the flame where there is no contact 
with air the unburned gas has been dissociated by heat because 
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of the low heat of formation of hydrogen sulfide. The cold surface 
merely condenses the sulfur vapor before it has opportunity to 
burn (Fig. 91) : 

H 2 S H 2 -f S 


This reaction is reversible, as the two elements are known to 
unite when heated. The gas cannot be dried by concentrated 

sulfuric acid because the concentrated 
acid oxidizes it, but phosphorus pent- 
oxide is a suitable drying agent. 
Oxidizing agents of all kinds attack 
hydrogen sulfide. 

3. What arc the products when hydrogen sul- 
fide is burned with a large supply of air? 

Hydrogen sulfide is an extremely 
weak acid in water solution. The first 
hydrogen atom ionizes very little and 
the second to a minute degree, less 
than the ionization of water, in fact. 
This must indicate a covalent linkage: 



Fig. 91. Cracking H 2 S within 
a hot flame. 


H 2 S ?=± H+ + HS" 
HS- ♦=* H+ + S~ 


One liter of water saturated with hydrogen sulfide at 25° con- 
tains, states Engelder: 

0.95 X 10 -4 gram ions of H + 

0.95 X 10~ 4 “ “ “ HS“ 

1.2 X 10' 15 “ “ “ S“ 

0.1 gram mole “ H 2 S 


At room temperatures the ionization constants of these two steps 


[H + ] X [ HS-] _ 
[H 8 S] " ' 


[H + ] X [S=] 

[HS-j 


= K 


10" 7 

10 ~ 1& 


a re : 


USE IN ANALYSIS 267 

Hydrogen sulfide may be removed from oil refinery gases and 
liquids by absorption in solutions of K3PO1 from which it can 
later be expelled by heating: 

H 2 S + K3PO4 5* KSH + K2HPO4 

Use in Analysis. Hydrogen sulfide is invaluable in qualitative 
analysis and useful in quantitative work also. In a solution of 
copper sulfate, for example, this gas precipitates black cupric 

sulfide : 

CuS 0 4 + H»S -> CuS + H0SO4 

Other sulfides formed in similar ways are black HgS, orange 
SbA, yellow As,S 3 and CdS, and white ZnS. In the system ol 
qualitative analysis we divide the sulfides into two great groups. 

1. Sulfides insoluble in dilute strong acid (CuS, HgS, As,S 3 , 

CtC 2 ) Sulfides soluble in dilute strong acid but insoluble in neutral 
or alkaline solution (NiS, MnS, ZnS, etc.) 

The reason zinc sulfide, for example, is not precipitated in acid 

increases greatly the number of H + ions present This gives 
infinitely more opportunities for contact between the very c« 
S- ions and H* ions, so more S' ions arc removed Iro n the field 
tied up as HS- ions or H,S molecules. This leaves so few S ions 
that the Zn- < ions do not form enough zinc sulfide molecules to 

saturate the solution and thus yield a P rt ' cl '?'!‘ nt ' of 

How different if a strong base is added ! I he great e xt ess 

OH-Tons ties up nearly all the H + ions and so the equilibrium 

U displaced to the right, producing an enormous increase ,n the 

number of S“ ions: 

H 2 S ^H + + H + + S“ 

\ Q- m react with Zn ++ ions and form 
Now there arc enough o ions to , . . 

more 'zinc sulfide than the solution will hold and precip-tatio 
occurs. The sulfides of copper and other metal. .of i s group arc 

insoluble in water that they can be precipitated " " 

suppression of ionization of hydrogen sulfide by a strong add. 
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On the other hand ferrous sulfide is so susceptible to the action of 
acid that it cannot be precipitated by passing hydrogen sulfide 
into a ferrous salt solution: 


FeCl 2 + H 2 S <=± FeS + 2 HC1 


At equilibrium the reaction to the left is favored strongly. The 
hydrochloric acid formed may be said to dissolve the sulfide. It 
really suppresses the ionization of the hydrogen sulfide so that the 
Fe ++ ions with the S = ions (now in very low concentration) fail 
to form enough FeS to saturate the solution. But if we add a base 
the acid is neutralized and ferrous sulfide precipitates at once. 

The ionization constant of hydrogen sulfide is, of course, very small: 


[H+r x [s-] _ 

[HsS] 

The solubility product of [Cu ++ ] X [S“] = A*, is extremely small, easily ex- 
ceeded even in N HCI. The solubility product of [Zn ++ ] X [S“] = K t is not 
quite so small, so precipitation of ZnS by H-S is never complete. The solubility 
product of |Fe ++ ] X [S~] is so much larger that it can never be exceeded by 
use of H 2 S in a solution of a ferrous salt. 


I he sulfides of arsenic, antimony, tin, mercuric mercury, 
copper, cadmium, and bismuth are precipitated by H»S from a 
solution 0.3 N in terms of HCI. Yet if ions of cobalt, nickel, 
manganese, and zinc arc present in this solution their sulfides 
will not precipitate. This means that the sulfide-ion concentra- 
tion. even when 0.3 N acid represses the weak ionization of H 2 S, 
is sufficient to help exceed the relatively small solubility products 
of As»S 3 , SbaSa, SnS, HgS, CuS, CdS, and Bi 2 S 3 , but not suffi- 
cient to help exceed the somewhat larger solubility products of 
CoS. NiS, MnS. and ZnS. I he common systems of qualitative 
analysis use this distinction in group separations. 

In certain instances calculation of ionic concentrations would 
indicate that the solubility products would be exceeded yet no 
precipitation occurs. Such ions as Zn ++ , Cd ++ , and Cu+ + form 
complex ions in sufficient amount to reduce the simple ion 
concentration to values so small that the solubility products are 
not exceeded. 


POLYSULFIDES 
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When hydrogen sulfide is passed into a solution ol ferric chlo- 
ride, or other oxidizing agent, a milky suspension of free sulfur, 

difficult to filter, appears : 


2 - :»+ 

H 2 S + 2 FeCla 

— 2 e — * 


S + 2 FeClo + 2 HC1 


There are a few sulfides which are hydrolyzed completely in 
water, and attempts to precipitate them (in absence ol acid) pro- 
duce hydroxides: 

A1& + 6H,0^2 Al(OH), + 3 H.S 

Sodium, potassium, and ammonium sulfides arc soluble and are 
hydrolyzed considerably. 

4. How docs hydrogen sulf.de react with iodine in water? 

5. Sodium sulfide (Na 2 S) is a salt of NaOH + H=S. Represent graph. ca,lv 
its hydrolysis in solution. 

When an ««» of hydrogen sulfide is passed into sodium hy- 
droxide solution, for example, only NaHS is produced- To make 
Na.S, an equivalent quantity of sod.um hydtox.de must be 

added. NaOH + NaHS — > Na.S + H-O 

This is accomplished quite simply by dividing any solution of the 

base into two equal parts, sa.ura.mg one par. wt.h hydrogen 
sulfide, and then mixing the two parts. 

, Docs this suggest a convenient way to make 

from SO,? Or Na,C0 3 fro... CO,? b 

semblance. 

Polysulfides. When sulfur is shaken or warmed with a solu- 
tion of a sulfide, a polysulfidc is formed : 

Na-.S + S -> Na*S 2 

i • j iw ,q mrrcsoondirui to formulas rant( 

Evaporation produces residues corn sponotr t, 

inn from Na 2 S 2 to NaA, depend, ng upon how mut h sulfur a 
added All the persulfides (polysulfides) are unstable .slowly 

, • ir This makes them invaluable as inscctic id< s ant 

££££» - « - — c,s.o,, 
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is a famous one. “Yellow” ammonium sulfide, (NH 4 ) 2 S X , is a 
reagent in qualitative analysis and is more red than yellow to tell 
the truth. 

If acid is poured into a solution of a polysulfide, free sulfur is 
formed and hydrogen sulfide escapes (write the equation). 

It is possible that in lime-sulfur sprays the following reaction takes place: 

3 Ca(OH), + 12 S - 2 CaS s + CaS 2 0 8 + 3 H 2 0 

Sodium polysulfide reacts with ethylene chloride (C2H4CI2) to 
form thiokol, one of the synthetic rubbers. 

Exercises 

7. Prove that at least a few S“ ions are found in a water solution of H 2 S. 

8. What volume of H 2 S at 20° C. and 750 mm. may be produced by the 
action of HC1 on 100 g. of FcS? 

9. How many milliliters of H 2 S will precipitate the copper in 100 ml. of a 
N/10 solution of a cupric salt? 

10. Explain in terms of solubility products why the hydroxides of Fe 4 ' ++ (but 
not l-c ++ ), Al, and C.r are precipitated by NH^OH even if the ionization 
of that weak base is repressed by NH^Cl while the same reagents fail to 
precipitate the hydroxides of divalent Co, Ni, Mn, and Zn. 

11. Solutions of Na 2 S are powerfully basic, while those of NaHS arc much 
less so. Explain. 

12. The sulfur atom forms complexes by a ready sharing of outer electrons 
S: in an effort to complete its octet layer. Diagram the molecule S 2 . 

13. Diagram the H.S molecule, using dots to indicate the number of electrons 
in the outer shell of each atom. 

14. Pass H,S into a bottle half-filled with water. Stopper and shake. Smell. 
Add bits of red and blue litmus paper to the liquid. Then add plenty of 
sodium hydroxide solution and shake. Finally smell. Explain. 
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Chapter 25 


SULFURIC ACID AND 
THE OXIDES OF SULFUR 


This chapter will deal mainly with sulfur dioxide and triox.de, 
and with sulfurous, sulfuric, and thiosulfuric acids. 


SULFUR DIOXIDE 

Sulfur dioxide is not a recently discovered gas. It was men- 
tioned in Homer's time as a disinfectant : and Paracelsus the al- 
chemist, knew something of its bleaching powers. Pr.estley first 
made it in pure form and recognized it as a definite compound 
(1775). It occurs in volcanic gases and in some spring waters. 

T7uZZ°Sulfur. Sulfur burns in air with a pale blue flame, 
forming sulfur dioxide. In the United States this is a great com- 

mercial method of preparation: 

S -I- o 2 -> so 2 

2. Roasting Sulfide Ores. This is one of the common commer- 
cial sources of sulfur dioxide. Many metals occur as sulfd 
which when roasted produce gases dangerous to veg » a d 
to health. In some states laws forced the smelters to P-ven th 
nuisance. As a result many smelters have constructed sulfunc 
acid plants to utilize the waste sulfur dioxide, so everyone 

'"cheapest sulfide ore is iron pyrites (FeS,). which burns 
like coal: 

A 4- 11 O 2 2 FeoOa + & S0 2 
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Zinc sulfide (ZnS) must be fed preheated air: 

2 ZnS + 3 0 2 — > 2 ZnO + 2 S0 2 

Sulfur dioxide obtained from the roasting of sulfide ores is, of 
course, diluted with several volumes of nitrogen from the air. 

At one time we burned iron pyrites, FeS 2 (largely imported from Spain), to 
secure sulfur dioxide for oxidation to sulfuric acid. Now, by means of special 
burners, we make most of the acid from sulfur dioxide prepared by burning 
sulfur. 


3. Reduction of Sulfuric Acid. Hot, concentrated sulfuric acid 
readily gives one oxygen from each molecule to metals and other 
reducing agents. In fact under some conditions it has been known 
to give up all of its oxygen: 

(1) Cu + H0SO4 — > CuO + H 2 0 + S0 2 

(2) CuO + H0SO4 -> CuS0 4 4- H 2 0 

(3) Cu 4- 2 H2SO4 — ► CuS0 4 T2TI70 4- S0 2 

Carbon may be used, or even sulfur, instead of copper: 

C 4- 2 H >SO 1 CO2 4- 2 S0 2 4- 2 H 2 0 


Exercises 


1. 



W rite- the equation for the oxidation of sulfur by hot concentrated sulfuric 
acid. 

In 1775 Priestley broke a thermometer in hot concentrated sulfuric acid — 
and smelled sulfur dioxide. Explain. 


4. Acids on Sulfites . A simple laboratory method of prepara- 
tion is found in the slow dropping of some dilute acid on sulfites. 
The gas may be dried over anhydrous calcium chloride: 

Na ,S0 3 4- 2 HC1 -> 2 NaCl 4- H .O 4- S0 2 

Compare: 

Na 2 C0 3 4- 2 HC1 -> 

Physical Properties. Sulfur dioxide is a colorless gas with a 
peculiar choking odor. Eighty volumes dissolve in one volume of 
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water at 0° and 760 mm. It is 2.2 times as heavy as air and is 
easily liquefied under three atmospheres' pressure at 20 In fact 
an ice-salt mixture will liquefy it at ordinary pressures The 
liquid boils at -10° and freezes at -76° into a snowl.ke solid, 
is conveniently kept in steel cylinders for laboratory use. Lique- 
fied sulfur dioxide is, like pure water, a poor conductor of elec- 
tricity but certain salts and SOC1, dissolved ,n it conduct well. 
Furthermore reactions between such compounds dissolved in 
liquid SO, occur as in water, convincing us that ionization take 
place. (SOC1, is thionyl chloride while SO,Cl, is sulturyl ch 

"^Liquid sulfur dioxide is a good solvent for iodine sulfur, and 
phosphorus. Potassium iodide dissolves in liquid sulfur chox.de^ 
On evaporation of the solvent red crystals of Kl- 4 SO, are 
obtained but after standing in the air for some time only white 

P °Chemical Properties. Sulfurous acid and sulfur dioxide are 
both present in equilibrium in a water solution of this gas: 

SO, + H.O ^ H jSOj 


Compare 


CO, + H,0 


Sulfur dioxide reacts with chlorine to form sulfuryl chloride: 

SO 2 + C1 2 — > SO 2 CI 2 

In addition .0 its reaction with water, with chlorine and with 
hydrogen sulfide, sulfur dioxide unites with oxygen to form sulfu 
tdoxide, a reaction aided greatly by suitable catalysts. 

3. What is the reaction with hydrogen sulfide? 

Sulfur dioxide may be determined quantitatively by reaction 
jKSSUi solulion using I— - -*»-» 

S0 2 + 21+2 H .O -> H 2 SO 4 + 2 HI 
H 2 S0 3 + U + H 2 O H 2 SO 4 + 2 HI 

a 
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Uses. Sulfur dioxide is used to some extent as a refrigerant 
(because it is volatilized and liquefied at convenient tempera- 
tures). Huge quantities are necessary to the manufacture of sul- 
furic acid and of calcium sulfite for paper making. A great deal 
is used in bleaching and some in fumigation, although formalde- 
hyde has almost displaced it from that field. Sulfur dioxide has 
come into recent use (in low concentration) to prevent ignition 

of magnesium and its alloys 
during casting and heat treat- 
ment. 

Sulfurous Acid. Sulfurous 
acid is a weak acid ionizing in 
two stages: 

(1) h 2 so 3 ^h + + hso 3 - 

(2) HSO3- <=* H+ -f- S0 3 ” 

Reaction (1) proceeds to the 

Fig. 92. Refrigeration with SO,. H " ht t0 a sli g ht cxtent and rC “ 
(Aftcr Dcming.) action (2) to a minute extent. 

Addition of OH - ions from a 
strong base disturbs both these equilibria to the right. Sulfurous 
acid is also very unstable, like H 2 C0 3 : 

H0SO3 <=* H .O + S 0 2 




To remove excess chlorine after a fabric has been bleached with that sub- 


stance an “antichlor” is added. 


Hypo” 


and sulfurous acid or sulfites are 


used. \\ rite the equations showing how sulfurous acid in water uses up the 
free chlorine. 


The reaction of SO, with water is much 

CO,, 


more rapid than for 


The shape of the SO a molecule is angular while CO, is linear 
and the products ol both reactions are triangular. Test with 
phcnolphthalein solutions for time of color change. 

Sulfites and Bisulfites. If an excess of sulfur dioxide is bubbled 
through, a solution of a base such as sodium hydroxide, an acid 
salt called sodium bisulfite is formed: 


NaOH + H 2 S0 3 -> NaHSOj + H .O 
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This reminds us of the similar reaction of hydrogen sulfide. And 
just as with that reaction, addition ol an equivalent amount of the 
base to the solution of bisulfite lorms the normal sulfite. 

NaOH + NaHS0 3 — ► Na 2 S0 3 + HoO 

Calcium bisulfite, Ca(HSO,) 2> is one of the most important of 
these salts because of its ability to dissolve the lignin which ce- 
ments the fibers of cellulose in wood. Chips of soft woods are 
heated in bisulfite solutions and the cellulose fibers are separated 
to be used as paper pulp. 

5. How is calcium bisulfite made? 

Sodium thiosulfate (“hypo"), Na 2 S 2 0 3 is discussed with 
Sodium Salts. 

Sodium Dithionite (Hydrosulfite). Sulfurous acid is reduced 
by zinc to yield zinc dithionite, ZnS 2 0 4 . The similar sodium salt 
is used to the extent of millions of pounds yearly to change insol u 
ble indigo blue to soluble indigo white. This penetrates fabrics to 
be dyed and by later oxidation becomes fixed as the insoluble 
blue. The dithionites are very powerful reducing agents: 

Zn + 2 S0 2 (H 2 0) — > ZnS 2 0 4 (H 2 0) 

ZnS 2 0 4 4- NaoCOs -> ZnCOa + Na 2 S,.0 4 

Sulfur Trioxide. Sulfur trioxidc is a colorless liquid boiling at 
46° and freezing at 15°. It reacts with water to form sulfuric acid. 
Under sulfuric acid we discuss its formation by the catalytic 

oxidation of sulfur dioxide. 


SULFURIC ACID 

Sulfuric acid was much used by the alchemists. Basil Valen- 
tine, in the fifteenth century, secured sulfur tnoxtde and the act 
by distilling ferric sulfate, and Gebcr writes of making it from 
other sulfates in the thirteenth century: 

Fc.fSO.b — » Fe 2 0 3 + 3 S0 3 

H 2 0 + SOa -> h 2 so 4 

Yet the manufacture of this great acid, the most important com- 
pound made by man, was not put on a commercial basis before 
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1740. Then sulfur and “niter” (KN0 3 ) were burned together in 
the presence of air in glass globes. In 1793 the oxidation process 
was made continuous by the employment of oxides of nitrogen 
as a catalyst. 

Gay-Lussac towers were first used in 1 827 to recover the cata- 
lytic oxides of nitrogen, while the Glover tower was developed 

in 1859. 

The industry is now so enormous that the United States usu- 
ally makes 10,000,000 tons, estimated as 100 per cent acid, in 
a normal year. There are two rival processes of manufacture, 
each especially adapted to certain kinds of raw material and each 
suited to certain concentrations of product. 

Lead-Chamber Process. The essential reactions in huge 
towers and lead-walled chambers involve the oxidation of sulfur 
dioxide to the trioxide in the presence of enough water to form 
sulfuric acid. A mixture of air and the dioxide reacts very slowly, 
so nitric acid vapors arc introduced to increase the speed of re- 
action : 

2 HN0 3 + H 2 0 -f- 2 S0 2 2 H 2 SCL + NO + N0 2 

The cost of nitric acid would make this process economically 
impossible were it not for the fortunate fact that the nitrogen 
dioxide (NO*) released as a by-product is itself capable of oxi- 
dizing sulfur dioxide: 

SO* + H .O + NO, -> H 2 S0 4 + NO 

Now another fortunate lact saves the day — and much money. 
II this nitric oxide (NO), the by-product here, were wasted, the 
lead -chamber process would soon become historical only. But 
luckily this nitric oxide has a property — possibly somewhat dry 
for the student but ol thrilling interest to the men owning lead- 
chamber plants of rapidly uniting with the oxygen of air to 
form the useful nitrogen dioxide: 

2 NO + 0 2 2 NO, 

bt fact nitric oxide is a catalyst, making the oxygen of air unite 
with suliur dioxide in a roundabout way and itself being regener- 
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ated time after time. The nitric acid, then, is merely a starter 
— a source of the oxides of nitrogen. Most authorities refer to 
nitrogen trioxide as the catalyst. However at the temperature of 
the lead chambers this gas dissociates to a very great extent as 

follows: 

N 0 O 3 «=* NO + NO* 


The explanation is quite logical for either gas as catalyst, but it 
is simpler as given above. There is yet much dispute about these 


reactions. 

As shown in the diagram, Fig. 93, the sulfur dioxide is pro- 
duced in the burners by roasting some sulfide, usually iron 



Fi„ IS A lead-chamber plane Some of ihe concentrated acid collecting at the 
T 9 fhr Clover tower is piped off through a separate opening and sold, 
wl^in the fo°m of dilute acid it led into the top of the Glover tower through an 
opening not shown in the diagram. 

pyrites, in a strong draft of air. However, the modern practice in 
the United States is to burn sulfur itself in specially designed 
roasters. Only 20 per cent of our sulfuric acid is now made from 

^The oxides of nitrogen introduced into the Glover tower are 

prepared by a catalytic oxidation of ammonia. 

This mixture - flue gases, nitrogen of air, excess oxygen, sulfur 
dioxide, and the nitric acid vapors — enters the Glover tower. 


li* 

if 1 " 
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This is a tall tower loosely filled with broken tile, coke, or brick 
which forces good mixing of the gases with the liquid splashing 
down from the top of the tower. 

Possibly about 16 per cent of the total acid of the plant is 
formed right in this tower and most of it is drawn off for sale. 

The liquid introduced at the top is a compound of oxides of 
nitrogen with concentrated sulfuric acid. Luckily this compound 
is decomposed by water with instant release of the oxides of ni- 
trogen, ready for work as catalyst. So a stream of concentrated 
“nitrosyl” sulfuric acid meets a stream of water (really dilute 
acid) inside the tower. Here a nice economy operates. The re- 
leased oxides of nitrogen (with those from the action of nitric 
acid) are swept on by the great stream of other gases into the 
first chamber. But the diluted acid splashing down the tower 
meets hot gases fresh from the burners, water is evaporated and 
passes on as steam into the chambers (where it is needed), and 
the acid, now cheaply concentrated to 62-70 per cent, is tapped 
off at the base of the tower. Everything goes just where it is 
needed ; apparently nothing is wasted. 

The lead chambers, from three to five in number, are huge 
affairs, the first 75 X 26 X 14 feet, the others smaller. They are 
really inverted boxes suspended so that their lower edges allow 
the constant overflow of acid collecting on the floor but do not 
allow escape of gases except by the stack or Gay-Lussac tower. 
These chambers arc lined with sheets of lead melted together at 
the edges by oxyhydrogen flames. Lead is used because it is not 

attacked by acid of the concentration produced in the cham- 
bers. 

An excess of steam is used in the chambers for two reasons, 
first, if the suliuric acid forming and collecting on the floor were 
concentrated, it would take up the catalyst, thus stopping the 
whole process. Second, the lead walls would be attacked by acid 
of high concentration. So the “chamber acid” is of only 62-70 
per cent concentration. This corresponds to a specific gravity of 

l- 5 o _1 - 62 ; A commercial measure of sp. gr. is “degrees Be.,” and 
60° Be. is 77.07 per cent acid. 

Io give the gases lull opportunity to react a series of three to 
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five chambers is provided and even then some sulfur dioxide is 
lost. The great volume of atmospheric nitrogen present forces the 
use of a chimney or stack, and this is made in the form of the 
Gay-Lussac tower, resembling the Glover tower. Oxides of nitro- 
gen released at the end of the last chamber would be lost to the 
air, ruining the process, but for the clever use of the fact that con- 
centrated acid reacts with these oxides, forming a solution of 
nitrosyl sulfuric acid. The concentrated acid splashes down over 
the broken tile and is forced from the bottom of the Gay-Lussac 
to the top of the Glover tower (by compressed air), where it re- 
leases its oxides of nitrogen as previously described. Unfortu- 
nately not all the catalyst is recovered and continuous replace- 
ment from nitric acid is necessary. 

Some of the concentrated acid collecting at the bottom of the 

Glover tower is piped off through a separate opening and sold. 
Water in the form of dilute acid is led into the top of tins tower 

through an opening not shown in the diagram. 

The chamber acid is suitable for use in the manufacture of 
soluble phosphate fertilizer from phosphate rock, but for most 
other purposes it must be concentrated. Eventually the rival 
contact process will make all the concentrated ac.d, leaving the 
demand for 62-70 per cent acid to the chamber process. The ac.d 
mav be boiled down in lead pans or sprayed down a tower against 
a rising current of hot flue gases to reach a concentration of 
about 77 per cent. A compact layer of lead sulfate forms in the 
pans but protects the lead beneath. Acid much above 77 per cent, 
however, dissolves lead sulfate (hence the presence of a little 
lead as impurity in commercial acid) and the work must be 
finished in glass, platinum, or cast iron vessels tog.veaconcen- 
tration of about 94 per cent and a specific gravity of 1-84. . Al- 
though iron is readily attacked by dilute ac.d, it is not affected 
by the acid of high concentration - just the reverse o hc df 
on lead. The expense of concentrating the chamber acid to 95 per 
cent gives the contact process a great advantage. 

6. Without help make a detailed drawing of the lead -chamber plant, using 
arrows to show the flow of gases and liquids. 

7. Why not use six chambers to save loss of oxides of nitrogen? 
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The Contact Process. A mixture of sulfur dioxide and air is 
led through a series of iron tubes containing a porous supporting 
material such as asbestos or magnesium sulfate which holds the 
catalyst, finely divided platinum. The most favorable tempera- 


Air Coolers 


Absorbers 



Sulphuric Acid (H 2 SO 4 ) 


Fig. 94. The contact process. The 66 ° Be. acid (93.2 per cent) from a lead-chamber 
plant, by absorption of S0 3 , can be raised to 98 per cent or greater concentration. 
“Oleum” is a solution of S0 3 in H 2 S0 4 . Texas Gulf Sulfur Co. 


turc for the platinum catalyst is about 400°. Below this tempera- 
ture the action is too slow, and above this temperature the 
equilibrium is displaced in the wrong and costly direction: 

S0 2 + O ?=s S0 3 4- 22,600 cal. 

Since the reaction desired is exothermic, the catalyst must be 
cooled somewhat by passing the incoming cold gases around the 
tubes to hold the temperature below 500°. Sulfur trioxidc is 
decomposed to some extent at 500°, completely at 1000°. It is the 
universal practice to pass the sulfur trioxidc into 98 per cent acid, 
maintaining that concentration by a sufficient stream of water. 
This seems absurd until we learn that the gas is not readily ab- 
sorbed by water. It is profitable to add chamber acid instead of 
water to maintain the concentration at 98 per cent for this is a 
cheap way of removing water from the chamber acid. Therefore 
the two types of plants often work together. 

During 1929 compounds or mixtures containing vanadium pentoxide pro- 
moted by iron, potassium, etc., came into commercial use as catalysts in 
contact sulfuric acid plants. The advantages arc low cost of the catalyst and 
freedom from poisoning. The conversion efficiency is higher than with platinum 
when the catalyst functions at about 500°. 
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The contact and lead-chamber processes supplement each 
other. For production of acid of very high concentration and 
purity the contact process will always be cheaper. In fact, oleum, 
or “fuming” sulfuric acid (100 per cent acid in which much S0 3 



is dissolved), can be made only by the contact process. For 
vigorous action in some industries (notably, the manufacture of 
explosives), no other acid strength will serve. But for production 
of the crude acid of moderate concentration suitable lor acid 
treatment of phosphate rock in the fertilizer industry, the lead- 
chamber plant is well adapted. In the United Stales about 00 
per cent of our sulfuric acid is made by the contact process. 

Properties of Sulfuric Acid. Pure anhydrous sulfuric acid is 
an oily colorless liquid (“oil of vitriol”) with a density oM .838 
at 15°. It boils at 338° with some decomposition (H <S0 4 ^ SU 3 
4- H 2 0). As the gases cool they combine again, forming droplets 
of sulfuric acid with the appearance of dense, white lumcs. The 
constant-boiling acid is 98.33 per cent. Decomposition is marked 

at 100° and complete at 450°. 

Sulfuric acid mixes in all proportions with water with the evo- 
lution of much heat. To avoid sudden generation of steam an 
consequent spattering the concentrated acid is always slow y 
poured into the water (which quietly absorbs the heat especially 
if stirred). The oxidizing power of hot, concentrated acid has 
already been discussed; also its dehydrating power. 
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The large amount of heat evolved on mixing sulfuric acid and 
water is due mainly to the formation of a hydrate, H 2 S 04 *H 2 0 . 
There are two other hydrates, H 2 S 04’2 H 2 0 and H 2 S 04‘4 H 2 0. 


NORMAL ANNUAL USE OF SULFURIC ACID IN U. S. BY 

INDUSTRIES (100 PER CENT) 


Fertilizers 

3,510,000 tons 

Petroleum Refining 

1,065,000 

Chemicals 

1,970,000 

Dvcs and Coal Products 

630,000 

Steel Pickling 

550,000 

Metallurgical Uses 

315,000 

Paints, Pigments 

665,000 

Explosives (industrial) 

115,000 

Rayon and Cellulose Film 

610,000 

Textiles 

73,000 

Miscellaneous 

400,000 

Total 

9,903,000 


During war years the total was probably 50 per cent greater 
due largely to the enormous demand for explosives. 


Competition 

Processes to make: In competition with: 



Uses. I he petroleum industry was the first to demand huge 
quantities of sulfuric acid for the removal of unsaturated com- 
pounds that darken by oxidation in air. Much chamber acid is 
used by fertilizer factories as a means of converting calcium phos- 
phate rock into soluble acid phosphate. The manufacture of 
nitroglycerin and smokeless powder calls for a large tonnage, so 
it is evident that this great acid is indispensable in war, as it is 
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at any time to make possible mining and excavations for railways. 
The acid is also used to remove oxide scale from steel wire and 

sheet. 

Structure of the Oxides and Acids of Sulfur. 



Sulfur Dioxide 


//° 

o=< 

X) 

Sulfur Trioxidc 


o=-s 


./OH 

OH 


Sulfurous Acid 


°v 

/OH 

o> x 

TJH 


Sulfuric Acid 


The electron valence shell formulation represents SO> as 

• » 

: 6 : S : : 6. Here the sulfur atom with six valence electrons : S : 
• • • • 

donates a pair to one oxygen atom (coordinate bond), and shares 
two electrons with the other oxygen atom (double covalent 
bond). The apparent valence, or valence number, of sulfur in 

SO 2 is four. 

Other Acids of Sulfur. When sulfur is boiled with a solution 
of a sulfite it adds on directly, forming a salt of thiosuljuric acid. 
The free acid is unstable: 


NasSOa T S — * Na 2 S 2 0 3 
Na>S .O.< + 2 HC1 -> 2 NaCl -f H 2 S>0 3 

H 2 S 2 0 3 -> H .O + SO, + S 

The name indicates that the acid differs from sulfuric acid in 
containing one sulfur atom in place of the fourth oxygen. The 
sodium salt is the photographer’s “hypo.” “Hypo” reacts with 
free chlorine, and so is a good “antichlor” after bleaching. 

Pyrosulfuric Acid, a good oxidizing agent, is formed when sul- 
furic acid and sulfur trioxide arc brought together in molecular 
proportions. Its salts are easily prepared by heating acid sulfates: 

2 KHSOi -> H .O + K 2 S,0 7 


Persulfuric Acid (J/ 2 S 2 0 8 ) is a rather modern oxidizing agent 
of great power. ILlcctrolysis of a cold concentrated solution ol 
an acid sulfate with a platinum wire as anode pioduccs the salts 
of persulfuric acid. The acid sulfate ionizes as follows: 

KHSO, 5=2 K + H SO i 
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The HS0 4 - ions, on discharge at the small anode (high current 
density), unite with each other to form H 2 S 2 O s . The acid potas- 
sium sulfate present promptly reacts with this unstable acid to 
form the sparingly soluble potassium persulfate, K 2 S 2 0 8 . Am- 
monium persulfate is finding some use in photography and as a 
general oxidizing agent. 

A formula suggested for persulfuric acid, H 2 (S0 4 )2, is 

0 O 

1 I 

H— O— S— O— O— S— O— H. 

I I 

o o 


Sulfamic Acid, HSO»-NH t . This moderately strong acid is 
made by the action of fuming sulfuric acid on urea, CO(NH 2 ) 2 , 
and hydrolysis of the product. 


HO O 

\ ✓ 

S 

/ % 

HO O 

Sulfuric Acid 


H,N O 

\ ^ 

S 

/ % 

HO O 

Sulfamic Acid 


Its ammonium salt has recently come into extensive use as a 
fireproofing agent and weed killer. The calcium and barium salts 
are very soluble, unlike the sulfates. 

Fluosulfonic Acid , HSO.\F , has some use in preparing organic 
compounds. It is a colorless liquid, fuming in moist air and 
boiling at 165.5°. Most of its salts arc soluble in water. 


SELENIUM AND TELLURIUM 

Similarity of Sulfur, Selenium, and Tellurium. These three 
elements resemble each other in many respects, and between 
sulfur and selenium the likeness is remarkable. In fact, selenium 
usually occurs associated with sulfur in metallic sulfides. All 
three elements form similar compounds with hydrogen and 
oxygen, and their acids and salts are much alike. Valences are the 
same for the three elements. 


SIMILARITY OF S 


COMPOUNDS OF 

SULFUR, 

H 2 S Hydrogen 

sulfide 

H 2 Se 

SOj Sulfur 

dioxide 

SeO. 

H 2 S0 3 Sulfurous 
acid 

H 2 Sc0 3 

Na 2 S0 3 Sodium 
sulfite 

Na 2 SeO 

H 2 S0 4 Sulfuric 
acid 

H 2 Se0 4 

NauSO* Sodium 
sulfate 

Na-SeO 
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Hydrogen 

HTc Hydrogen 

selenide 

telluride 

Selenium 

Tc 0 2 Tellurium 

dioxide 

dioxide 

Sclenious 

H 2 Tc 0 3 Tcllurous 

acid 

acid 

Sodium 

Na 2 Tc0 3 Sodium 

selenite 

tellurite 

Sclcnic 

H 2 TeO< Telluric 

acid 

acid 

Sodium 

Na 2 TeO« Sodium 

selenate 

tcllurate 


The comparison in the above table is worth noting. All three 
elements burn with pale blue flames to form the dioxides. Al- 
though sulfur dioxide is a gas, the other two are white solids, 
observed as a smoke when the elements burn. I he oxides ol sulfur 
and selenium react with water, but so far it has not been possible 
to hydrate the oxide of tellurium directly: 

S0 2 -b HoO ^ H .SOn 
ScO > + H..O ♦=* H 2 Sc0 3 

H 2 Tc0 3 ->Tc0 2 + HjO (not reversible) 

Both selenous and tcllurous acids are easily reduced to the ele- 
ment : 

H 2 Sc0 3 4- 2 SO 2 4- H 2 0 —* Sc 4- 2 H 2 S0 4 


Strong aqueous oxidizing agents convert the ele 
furic, sclcnic, and telluric acids: 


ments into sul- 



h 2 so 4 



H 2 ScO ,; Tc 


H.TeO, 


Each of the three elements reacts directly with metals when 
heated : 


Fe 4- S — > FeS 
Fe 4- Sc — > FeSe 
Fc 4- Tc — » FeTe 
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When these compounds are acidified poisonous gases of offen- 
sive odor are released : 

FeS + 2 HC1 -> FeClo + H 2 S 
FeSc + 2 HC1 -> FeCl 2 + H 2 Se 
FeTe -f- 2 HC1 — * FeCl 2 -f- H 2 Tc 

Although hydrogen sulfide has an offensive odor, hydrogen 
selcnidc is worse; it smells like rotten horseradish. 

Selenium. Selenium is non-mctallic and exists in allotropic 
forms. The red form is obtained by the reduction of selenous acid 
solutions and the black form by melting the red. 

Berzelius discovered this clement (1817) in the flue dust of 
pyrite burners. Selenium colors glass a rose-red and so can neu- 
tralize the green tint of ferrous iron impurities. During World 
War I the importation of Brazilian manganese ores into the 
United States was cut off through lack of ships. Selenium re- 
placed manganese dioxide as a glass decolorizer, and has now 
been adopted as the standard by the glass industry of the world. 
Manganese dioxide is cheaper but not so reliable in use. The 
annual yield of selenium from the copper slimes (from electrolytic 
refining) is large. Red signal glass is made with selenium. 

In counteracting the green due to iron impurities in common 
glass selenium is helped by the presence of a trace of cobalt oxide. 
A colorless glass results. Since elemental selenium volatilizes at 
the melting point of glass the non-volatile sodium selenite is 
used. If a^ much as 0.25 of one per cent of selenium is present in 
glass under oxidizing conditions a beautiful ruby glass results. 

Selenium insecticides are toxic to some plants, and foods grown 
on soils containing selenium have toxic effects on animals. 

Selenium compounds in lubricating oils will reduce the forma- 
tion of gums and sludge. 

Some magnesium alloys are protected from corrosion in sea 
water by their selenium content. 

Sulfoselenides resemble polysulfides: 

Na«S -4- Se — > Na>S-Se 

This compound reminds us of Na 2 S 2 . 


TELLURIUM 
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One million pounds of cadmium sulfoselenides, CdS Sc, were 
used last year as brilliant pigments (for paint) ranging from 
orange to yellow. 

Tellurium. Tellurium is rather plentiful as gold telluridc in 
Colorado and other mining districts, but the small quantities 
made, 200,000 lbs. yearly, have been extracted from the anode 

mud of electrolytic copper refining. 

At least one use for tellurium has recently been discovered. 

Only 0.1 per cent tellurium alloyed with lead makes the lead 
harder and gives it greater resistance to strain and to chemical 
corrosion. As little as four grams of tellurium in one ton of iron 
gives greater wear resistance to iron car wheels. 

The tellurium vapor lamp may become important. Its high 
operating temperature, requiring a quartz tube, is a serious dis- 
advantage, yet its light is very nearly like sunlight. The color 
may be varied with the temperature and pressure. Other uses 

will be discovered. 

Tellurium dioxide is only slightly acidic; consequently salts 
formed by the union of Te0 2 with acids, even strong acids, are 
hydrolyzed on dilution, all the more because of the insolubility ol 
tcllurous acid, and its weak ionization. 


S (rhombic) 

Se 

Tc 


THE 

SULFUR TRIAD 



ATOMIC 

MEETING 

HOMING 

DENSITY 

WEIGHT 

POINT 

POINT 

C. ML. 

32.066 

112.8° 

444.6° 

2.07 

79.96 

217° 

688° 

4.8 

127.61 

452° 

1 390° 

6.0 


Exercises 


8. What volumes of H 2 S and SO* (standard conditions) will react to give 


340 g. of sulfur? 

9. What weight of sulfur dioxide can be prepared from 1 .i0 g. of sodium 
sulfite (95 per cent pure) and sulfuric acid? 

10. What weight of pure sulfuric acid can be made from 1000 tons of pure 



sulfur i 

How could you distinguish between a sulfide, 
a sulfate (if all were soluble)? 


a sulfite, 


thiosulfate and 
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12. Start with hydrogen, oxygen, sodium, calcium, carbon, chlorine, sulfur, 
platinum and feel free to use heat or light. What compounds can you make, 
using these elements? How would you do it? Omit platinum compounds. 

13. At one time in England starch was treated with very dilute sulfuric acid 
(instead of pure hydrochloric acid) in order to convert the starch into 
glucose for the brewer. Many cases of lead poisoning developed among 
beer drinkers. What was the source of the lead? 

14. By injecting less water into the lead chambers and towers the acid settling 
to the bottom of the chambers would be more concentrated than the prod- 
uct now made (60-70 per cent). Why not do this and get more money 
per ton? 

15. When solid KHSO< is heated strongly in a crucible SO 3 is evolved and 
fumes strongly in moist air. What is left in the crucible? 

16. What weight of sulfur dioxide will convert 21 kg. of calcium hydroxide 
into calcium bisulfite, Ca(HS0 3 )2? 

17. What is the outstanding use of ammonium sulfamate? 

18. Why docs the lead chamber process of making sulfuric acid continue to 
compete with the more modern contact process? 
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Chapter 26 the periodic system. 

r ATOMIC NUMBERS 


Ever since the establishment of the atomic theory by Dalton and 
Berzelius, chemists have looked for some relation between the 
atomic weights of the elements and their propert.es. The develop- 
ment of this relation was delayed a half century because the 
conception of the atom became increasingly vague in spite of 
the brilliant work of Dalton, Berzelius, and Avogadro. 


After Cannizzaro showed the necessity of reasoning from Avogadro s hy- 
pothesis in the development of any system of atomic weights the epochal work 
of Mcndclecir and Meyer in 1869 became possible. As YVadmore says poor 
to this epoch, errors and inconsistencies must necessarily have masked any 
general relation between the properties and atom.c weights of the elements, 
though vestiges of such a regularity had been observed.” 


The first ray of light on this subject appeared in 1829, when 
Dobereincr observed that several groups of three elements each 
could be so arranged that the atomic weight of one was the 
average of the other two, and in all such cases the three elements 
strikingly resembled each other in properties. Chlorine (35.S), 
bromine (79.9), and iodine (126.9) show these relations, as the 
student well knows by this time. The relations are just as con- 
vincing for sulfur (32), selenium (79.9), and tellurium (127.6 . 
Calcium (40.1), strontium (87.6), and barium (137.4) resemble 

each other very closely indeed. 

The acceptance of Cannizzaro’s ideas on atom.c weights put 

new life into Dbbereiner’s triads of 1829. Then in 186.3 Newlands, 

an English chemist, announced a further-reaching relation. e 
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arranged the elements, beginning with lithium (not hydrogen), in 
order of increasing atomic weight and found that “the eighth 
element, starting from a given one, is a kind of repetition of the 
first, like the eighth note of an octave in music” : 

Li Be B G N O F 

6.94 9.02 10.82 12.01 14.01 16 19 

Na 

23, etc. 


Newlands read his paper before the Chemical Society of 
London and it was ridiculed by many chemists. Twenty-one 
years later he was honored with the Davy medal for his vision. 

Although apparently unaware of Newlands’ ideas, it was only 
a few years later (1869) that the great Russian, Mendeleeff, out- 
lined the periodic relations 
much as we know them today. 
Quite independently the Ger- 
man, Lothar Meyer, made a 
similar discovery, and the cred- 
it should be divided. Men- 
dclecfr developed the “periodic 
law” more fully and brilliantly 
than Meyer. His short table, 
modified and brought up to 
date, is opposite p. 292. As he 
stated the law, “The whole of 
the properties of the elements, 
both chemical and physical, 
vary in a periodic fashion with 
their atomic weights.” 

The column headed “Group 
O” was unknown to the authors 
of the system. Proceeding from 
lithium to the right, the chemi- 
cal and physical properties steadily change. If we went no further 
than fluorine, we might insist that any property of the elements 
changes steadily with increase in atomic weights. But such a 



Fig. 96. Russian stamp honoring 
McndcIccfF. 
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THE RARE EARTHS 


theory would be rejected upon proceeding to the heavier clement, 
sodium. The base-forming property steadily decreases from 
lithium to fluorine, but with sodium it returns in full strength. 
Beginning a new period of eight with sodium, the base-forming 
property, for example, again decreases until potassium is reached. 
But potassium hydroxide is a still stronger base than sodium 
hydroxide. In other words the properties of the elements are 

periodic functions of their atomic weights. 

The table is so arranged that the ninth, seventeenth, etc., ele- 
ments begin new horizontal rows or periods. It is seen at once 
that elements in the same vertical column resemble each other 
in valence number, base-forming properties, etc. Lithium, so- 
dium, potassium, rubidium, and cesium arc all monovalent, their 
hydroxides arc strong, and nearly all their compounds arc 
soluble. Moreover the free metals all react violently with water, 
displacing hydrogen. It can be no accident that an arrangement 
in periods of eight brings these elements in the same vertical 
column or “Group,” as we call it. Nor is it an accident that 
sulfur, selenium, and tellurium occur in the same column. Our 
study of the halogens prepares us to be properly impressed by the 
placing of chlorine, bromine, iodine, and fluorine in the same 


group. 

The third scries beginning with potassium includes two 
“octaves,” potassium to manganese and copper to bromine, and 
is called a long scries. Iron, cobalt, and nickel are transition 
elements bridging the gap between the two simple “octaves. 
The fourth and fifth are also long series with transition groups. 

The fifteen rare-earth metals, with a usual valence number of 
three, occur together in monazite sand and are hard to 

separate. . 

The Rare Earths. The rare earths (57-71), a unique series of 

comparatively rare elements found as oxides in the earth, usually 
have a valence number of three but they may form ions with 
charges of 2 + , 3+, 4 + , or 5 + . They are very difficult to separate 
from each other because their atomic radii are nearly equal (as 
well as their atomic volumes) and their chemical properties are 

similar. 
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Valence Changes. The elements of Group O are so inactive 
that they have no combining capacity at all, therefore no valence. 
In Group I all elements are monovalent and their oxides are such 
as NaoO or Ag20 (general formula, R 2 O). In Group II the va- 
lence increases to two. Their oxides are such as CaO or ZnO 
(general formula RO). Toward oxygen the maximum valence 
number of the different groups rises regularly to seven (R 2 0 7 ) but 
toward hydrogen (or chlorine) the valence number rises only to 
four (in Group IV) and then falls steadily to one. Chlorine in 
Group VII is found in CI2O7 and in HC1. 

Property Changes. The elements of Group I form strong 
bases, those of Group II only moderately strong bases; and in the 
middle groups, III and IV, the hydroxides are weakly basic or 
even weakly acidic, as in carbonic acid. Remember that most 
acids as well as all bases are hydroxides. Aluminum hydroxide 
ionizes both as a weak acid and a weak base — an “amphoteric” 
electrolyte, as is zinc hydroxide. In Group V the elements form 
strong acids, such as phosphoric and nitric. Group VI permits the 
formation of strong acids, such as sulfuric and chromic, and of 
course Group VII is the source of the halogen acids. At the left 
the elements are strongly basic, at the right strongly acidic, and 
in the middle the elements resemble both types. 

Meyer was especially interested in the regular, periodic varia- 
tion in such properties as melting point, density', and malleability. 
These change in much the same way as basicity' and acidity. 

There is a steady change of properties vertically as well as 
horizontally in the table. In any given vertical column density 
increases from the top to the bottom, as does the metallic or 
electro-positive character. 

Atomic volumes also show periodic changes with increasing 
atomic weights, the alkali metals being high in their respective 
periods. By atomic volume we mean the volume occupied by 
one gram atomic weight, usually in the crystalline form. For 
sodium it is calculated as 

23 

0.97 g./ml. density 


= 23.7 ml. 


PERIODIC TABLE SHOWING ATOMIC NUMBERS IN RED 
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K 

1 H 

1.008 

1 


II Na 

3 22.997 

K-L-M 2-8-1 


19 K 

4 39.096 

L-M-N 8-8-1 


Rb 

5 85.48 

M-.N-O 18 8 1 


6 

N-O-l 


Cs 

132.91 
18-8 1 


IIA 




4 Be 

9.02 

2-2 


12 Mg 
24.32 
2 - 8-2 


Ca 
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Sr 
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Ba 
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Ra 
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PERIODIC TABLE OF THE ELEMENTS: AT 


1 1 1 A 


Y 

88.92 

18-9-2 


La-Lu 

Rarc- 

Earths 


La 

138.92 

18-9-2 


Ac 

227. 
18 9-2 


The Electrons in the Three Outer Energy Le 


Transitional Elements 


IVA 



VIA 


VIIA 



21 Sc 22 Ti 23 V a 24 Cr 25 Mn 26 Fe 
45.10 47.90 50.95 52.01 54.93 55.85 

8-9-2 8-10-2 8-11-2 8-13-1 8-13-2 8-14-2 8 


40 Zr 41 Cb 42 Mo 43 Tc 44 Ru 
91.22 92.91 95.95 99. 101.7 

18-10-2 18-12-1 18-13-1 18-14-1 18-15-1 




Hf 73 Ta 74 W 75 Re 76 Os 

178.6 180.88 183.92 186.31 190.2 

32-10-2 32-11-2 32-12-2 32-13-2 32-14-2 3 


fi 


89-96 

Ac-Cm 

Actinide Series 




59 Pr 60 Nd 61 Pm 62 Sm 
140.92 144.27 147. 150.43 

20-9-2 21-9-2 22-9-2 23-9-2 


Th 

232. 1 2 
19-9-2 


:’l Pa 92 U 
231. 238.07 

20-9-2 21-9-2 



94 Pu 

239? 

2 23-9-2 





















































. ATOMIC numbers in red 
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v Ltvfls Arc Represented 


5 B 

10.82 

2-3 


A ll I A 


I IB 



6 C 
12.010 
2-4 


14 Si 

28.06 

2-8-4 


7 N 
1 4.008 


2-5 



8 0 9 F 

16.0000 19.00 

2-6 2-7 


16 S 
32.066 
2 - 8-6 


2 He 

4.003 

2 


10 Ne 

20.183 

2-8 



28 Ni 29 Cu 30 Zn 31 Ga 32 Gc >3 As 34 Sc 33 Br 

F* '* 94 58 69 63.54 65.38 69.72 72.60 74.91 78.96 79.916 

a H-? 8-16-2 8-18-1 8-18-2 8-18-3 8-18-4 8-18-3 8 -18-6 8-18-7 



46 Pd 47 Ar 48 Cd 49 In 50 Sn 51 Sb 52 Te 33 I 

Ru .o’ 91 106 7 107.880 112.41 114.76 118.70 121.' 7 6 127.61 1-6.9- 

,8-16 1 18-18-0 18-18-1 ^8-18-2^ _18-18 -3 18-18-4 18-18 3 18-18-6 18-18-^ 

78 Pt 79 Au ” 80 Hg 81 TI 82 Pb 83 Bi 84 Po 

,95 23 197 2 200.61 204.39 207.21 209.00 210. 

32-17-1 32-18-1 32-18-2 32-18-3 32-18-4 32-18-5 32-18-6 


36 Kr 

83.7 

8-18-8 


34 Xe 

131.3 

18-18-8 


pv 


84 Po 85 At 
210 . 211 .? 
32-18-6 32-18- 
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63 Tb 

66 D y 

159.2 

162.46 

26-9-2 

27-9-2 



08 Er 69 Tm 70 Yb 71 Lu 

167.2 169.4 173.04 174.99 

30-9-2 31 9-2 32-9-2 


Am 96 Cm 

iil? 242? 
ii-9-2 25-9-2 
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The Rare Gases. Mendeleeff knew nothing of Group O. When 
these six elements were discovered they fitted in very well as a 
transition group connecting the extremely acidic clement 
Group VII with the extremely basic elements ot Group I. Since 
they are completely inactive, they have no valence and form no 

C0 Sub-groups. Below sodium in Group I we observe that copper, 
silver and gold resemble the rest of the family mainly in valence 
number, but resemble each other in several other ways, n 
Group II the zinc, cadmium, and mercury make a good family , 
but are not remarkably like barium, calcium and stront.unn In 
Group VII manganese has little relation to the ha ogens but it 
does form certain compounds of similar formula, for example, 
KClOi and KMnO,. So each column is divided into two sub- 
groups, A and B, often written at the two sides of the columm 
The queer position of iron, nickel, and cobalt (queer in coi 

sideration of their valence numbers) is explained b Y J J^ 0 ^ 
son as an example of an increase in the positive charges of the 
atomic nucleus by one without the occurrence of an additional 
valence electron in the outer shell of the neutral atom. This addi- 
tional compensating electron went into an intur - sn • 
atomic weight increased while valence number did not 
‘ Defects of the Mendeleeff Periodic System. It is difficult to 
D lacc hydrogen in this system, but it is usually written in Group I 
because of Us valence and the fact that it becomes a positive 

'° Tellurium is next heavier than iodine, and yet if placed in this 

Eb 

arc in all tables, the consecutive order of ^ U ^ thc 

down. Of course many Qr l() shoxv that tellurium is 

atomic weights ictor l fai , cd j^uallv annoying is the 

ready a compound. . f at lhc ta blc shows that each 

argon-potassium situation. A b 1 
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conforms to the rule about “birds of a feather.” But another 
glance at their atomic weights indicates that their places in any 
regular order have been interchanged. 

Exercise 

1. An element is discovered with compounds similar to those of manganese. 

From the analysis of its chloride the equivalent weight is found to be 49.4. 

What is the atomic weight? Why? 

Another weak point is the lack of quantitative relations. Every- 
thing is qualitative — the properties change in a general way. 
And it seems unfortunate that manganese must be grouped with 
the halogens which it resembles so slightly. There are other 
examples of ill-matched elements. Furthermore only one valence 
is considered. The rare earths with a general valence number of 
three do not seem readily to fit in. 

Advantages of the Periodic System. Although we admit the 
imperfections of the system, we are convinced of the existence of 
a fundamental relation between properties and atomic weights. 
The system has been of the greatest service in more ways than 
one. We place the following to its credit: 

1. Classifying Facts. As an aid in classifying a multitude of 
separate facts it helps the memory and makes for clearness. 

2. Predicting New Elements. By its help new elements have 
been predicted and a few of them were discovered later. In order 
to place elements where their properties indicate they belong gaps 
had to be left here and there in the Periodic Table. The assump- 
tion was that elements exist (if we could only find them) which 
occupy the gaps. And from the position of the gaps remarkable 
predictions as to the properties of the missing elements have been 
made. McndelccfT was bold enough to predict the existence of the 
elements we now know as scandium, gallium, and germanium. 
In a few years all three were discovered with properties in 
marvelous agreement with those predicted by MendelecfF. 

Mendeleelf made no predictions about Group O, but after 
the discovery of argon and helium it was evident to Sir William 
Ramsay, the English chemist, that there were places for three 
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more inert gases. As the result of brilliant investigation he dis- 
covered three such gases and named them neon, krypton, and 
xenon. Predictions were completely fulfilled in this instance 
There was, however, something yet to be done in filling in the 
gaps Mendeleeff predicted an element between molybdenum 
and ruthenium. He placed it in Group VII and caHed^ 
manganese. Long afterwards this element was discovered a d 
named masurium, although in 1947 the name "technetium, 

T There have been disputed claims of the discovery of dements 
85 and 87, finally confirmed by atomic energy rescarc . 
mentis seems to resemble the metals more than the halogen 
while element 87 resembles the sodium family. The recent 
creation of elements 93, 94, 95 and 96 is discussed in the chapter 
on Nuclear Chemistry. These are neptunium, plutonium, amer - 

“Tcmectint Atomic Weights. The failure of certain elements 
to fell into the group to which they evidently belong because of 

was surely too low. More accurate work gave us 13 ;i as 

correct value quite in keeping with the Periodic Law. Mendeleeff 

insisted that the known atomic weights of uranium and be. y Ilium 
insisted mai . f vapor densities of 

(clucinum) must be wrong. Later a study oi i 

Lir volatile compounds revealed the predicted errors. 

The periodic system has aided in the determination of atomic 
W ci E hts P of elements whose compounds are not gaseous. Fo. ex- 
ample the combining weight of radium indicated possible 
P • 4 of 113 with RaCl as a correct formula oi —0 ilh 

R^cr c rr c fermula. Hut radium resembles the divalent 
SmUd barium rather than monovalent - and^s- 

agreed-upon" o" counst^thc Law “ d” and Petit could have 
been used in deciding between the possible atomic weigh s o 

radium. 
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Other Classifications of Elements. It is admitted that the 
periodic grouping of the elements in accordance with their atomic 
weights is not perfect. These imperfections are removed when 
the periodic grouping of the elements is based on atomic numbers 
instead of atomic weights. 

ATOMIC NUMBERS 

It has been known for about fifty years that cathode rays (a 
stream of electrons) on striking any substance in their path pro- 
duce the vibrations known as X-rays (see page 25). It was not 
until 1914 that Moseley, a young English physicist, measured the 
wave lengths of these rays emanating from different metals used 
as anti-cathodes in an evacuated X-ray tube. He made each of 
the metals the target (anti-cathode) in an X-ray bulb. The 
X-rays were then passed through a thin crystal of potassium 
ferrocyanidc on to a photographic plate. From the photographic 
spectra secured he calculated the wave lengths. These wave 
lengths decrease in a regular way with increasing atomic weight. 
In fact Moseley found a simple numerical relation between the 
wave lengths of the most intense lines in the different X-ray 
spectra. 

Put briefly, Moseley discovered an almost linear relationship 
between the characteristic X-ray frequencies and the squares of 
the atomic numbers for a series of elements. He used one for the 
atomic number of the lightest element, two for the next heavier, 
with the others arranged in order of increasing atomic weights. 

These atomic numbers are all whole numbers. The atomic 
numbers arc approximately half the atomic weights, and repre- 
sent, in reality, the number of positive charges of electricity 
(protons) in the nucleus of the atom of each clement. In addition 
to the free protons there are (except in the case of hydrogen) 
some neutrons. 

The atomic numbers 57-71 belong to the metals of the “rare 
earths,” not listed in the table. All of them (fifteen) belong to the 
aluminum family. Hafnium with an atomic number of 72 has 
been discovered since Moseley improved the periodic table as 
have others shown in the Table of Atomic Numbers. 
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It is evident that this table is superior to the periodic table of 
Mendelecff, for the consecutive order is here used for argon and 
potassium as well as for iodine and tellurium without spoiling the 
group arrangement by properties. The fundamental character o 
an clement is determined by its nuclear charge more than by its 

atomic weight. ... , 

In the light of these findings the Periodic Law may be re- 
worded with exactness. The chemical properties of the elements 
are a periodic function of their position in a series determined by 
their X-ray spectra. Or, more briefly, the chemical properties of 

the elements are a periodic function of their atomic numbers. 

The long form of the Periodic Table is found inside the back 

cover. Compare it with Mcndelecff's short form. 

The modern table of atomic numbers with long periods has a 
number of advantages over the older Mcndclecff table (short 
form). In the older form the placing of the subgroups and main 
groups in a single column was confusing and annoying. In tie 
long form the “transitional elements" stand out with cleai 

emphasis. 

Some Properties of the Transitional Elements 1 

1 In the transitional elements the outer electron shell and the 
one next to it are incompletely filled while in the rare earth 
elements there are three incomplete electron shells. The not tnal 
elements have only one incomplete shell (the outer or valence 

layer), with the few exceptions of the inert gases. 

2. One of the outstanding characteristics of the transitional 

elements is their variable valence numbers. 

3. In anv one period the properties of the transitional elements 

depend largely upon the state of oxidation because the ions in 
that period are of nearly the same size. With normal elements 
great changes in properties within the period may occur as in 

passing from sodium to chlorine. 

4. Variations in valence number, if any, occur in two steps 

with the normal elements but in only one step with the transi- 
tional elements. 

' Adapted from L. S. Foster. 7- Chan. !■>/., 409 (1939). 
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5. Only the transitional and rare-earth elements can form 

/ 

simple ions which are colored, due to the influence of an incom- 
plete inner electron shell. But they can not form true hydrides 
such as CH , and NaH. On the other hand they are the only 
elements that form volatile carbonyls, as Ni(CO)<. 

6. These transitional elements are gray-white metals, often of 
unusual hardness, ductility, tensile strength, malleability and 
electrical conductivity. The elements with highest density, melt- 
ing point and boiling point are, in general, found in this group. 

Hydrides. Binary compounds with hydrogen, such as NaH, 
are formed by the elements of IA, IIA, 1 1 IB, IVB, VB, VIB, 
VI IB only. Elements of Group VIII may take up hydrogen but 
not in stoichiometric (compound-forming) proportions. 

Exercises 

2. The discovery of Element No. 87 gives us an opportunity to predict its 
properties. What do you think will be its density, melting point, boiling 
point, action on water, color of its hydroxide, chloride, and sulfate, prop- 
erties of its carbonate and hydroxide? You will already have the following 


items in mind: 




ELEMENT 

DENSITY 

MELTING POINT 

BOILING POINT 

Li 

0.534 

186° 

1200° 

Na 

0.971 

97.5° 

880° 

K 

0.862 

62.3° 

760° 

Rb 

1.532 

38.5° 

700° 

Cs 

1.90 

28.5° 

670° 


3. What .ue some outstanding properties of the “transitional” elements? 
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Chapter 27 


RADIOACTIVITY. 
STRUCTURE OF THE 
ATOM 


RADIOACTIVITY 

X-Rays. Rontgcn, in 1895, observed mysterious 
“X-rays,” proceeding from 
Crookes electric discharge tubes 
(high vacua) and penetrating 
supposedly opaque substances 
such as paper, wood, flesh, and 
fabrics. These rays were secon- 
dary, that is, they were started 
by the impact ol cathode rays 
on glass or other substance in 
their path. he fact that bones, 
metals, compounds of such 
heavy elements as barium, lead 
and iodine, and certain other 
substances are opaque to the X- 
raysmakes possible photogi aphs 
of great use. For example, a 
needle or bullet can be located 
in the flesh. 

It was at McGill University 
that the first surgical X-ray 
photograph was taken, two 
months after Rbntgen announced his discover 
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radiations. 



Fig. 97. One <>f the 
photographs. 


first X-ray 
1896. 


m 


1895 
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X-ray photographs are taken of every weld in oil-cracking 
stills and were taken of every inch of the many miles of pipe in 
Boulder Dam. The X-ray device has become a super-microscope 
peering through several inches of steel for inner flaws or detecting 
nails in tires. The X-ray has gone into business. 

Upon electronic bombardment it is the disturbance of the two 
electrons in the K energy level, or innermost orbit, of an atom 
that causes radiation of X-rays, characteristic of the individual 
element. If the nucleus is heavy, with a large positive charge 
holding this pair of electrons very strongly, the X-ray waves are 
shorter than those from atoms with lighter nuclei. 

In the Coolidgc X-ray tube such a high vacuum is secured that positive ions 
play no part in the operation. Until the cathode is electrically heated in order to 

"‘bake electrons out” of the metal 
the tube shows no conductance, 
even at 100,000 volts. In operation 
there is no fluorescence of the glass, 
therefore but little waste and an- 
noyance from X-rays emanating 
from glass instead of target. 

New X-ray tubes opera- 
ting at one or two million 

can take a photograph 
through eight inches of steel in three and a half minutes as com- 
pared to previous exposures of four and a half hours. 

Becquerel Rays. Henri Becquerel in 1896 conceived the idea 
that perhaps fluorescent substances (those substances that glow 
in the dark after exposure to light) might be a source of similar 
penetrating rays. He wrapped photographic plates in black 
paper and laid them in a dark drawer with a uranium compound 
and other fluorescent substances. Only the uranium compound 
produced any effect on the photographic plate. From this begin- 
ning Becquerel proceeded to show that any uranium compound 
gave off these penetrating “Becquerel rays’' and that the rays 
discharged the metallic leaves of an electroscope. Later, Ruther- 
ford showed that this was due to ionization of air molecules 


volts have been made. They 



Fig. 98. The Coolidgc X-ray tube in- 
creases the stream of electrons flying 
from the cathode as “cathode rays'' by 
raising the temperature of the cathode 
with an extra heating circuit. Upon im- 
pact with the target X-rays are radiated. 


radium 


301 


surrounding the leaves. With the electroscope one billionth of a 

gram of radium can be detected. 

Radium. Because of Becquercl's work with the penetrating 

radiations from uranium compounds the Curies (Madame Mane 
and her husband, Professor Pierre Curie of the Sorbonnc) de- 
cided in 1896 to examine some of the residues from pitchblende, a 
uranium mineral, after all the uranium had been extracted. They 
found that these residues gave off similar but more pouerful 

radiations than the uranium salt itself. 

“Their next task was to separate the elements or compounds 

that had this property. By the ordinary methods of chemical 
analysis they separated the various elements lound m pitch- 
blende residues and tested each for radioactivity, or Becquercl 
radiations, as it then was called. Most of the elements separated 

showed no activity. , . . 

-However, when bismuth was reached in tic ana ysis 1 _ 

found that it was intensely active. But since ordinary bismuth or 

bismuth compounds produced no radiations of this kind it was 

assumed that a new element closely associated with it in chcmica 

properties had been separated with it. The active substance of 

the bismuth precipitate was separated and tins was named ,o o 

nium by Madame Curie after her mother country, ° -■ d ; ‘ ^ 
was the first of the radium series to be discovered 1 18)8). Again 
as the barium was separated, this was found to be intensely active, 
and as ordinary barium compounds or minerals do not possess 
this property it was concluded that another element similar to 
barium had been separated with it at this stage. And by separat- 
ing this active material from the barium compound a new ele- 
ment was discovered, bu, no. isolated, in 1898, possessing an 
activity at least 1,000,000 times that of uranium, llus was the 
new element — radium." By 1902 Madame Curie had picparcd 

100 ini', of very pure radium bromide. 

In 1910 Madame Curie completed her brilliant work by iso- 
lating the element radium. She electrolyzed an aqueous solution 
of radium bromide, using a mercury cathode 1 he radium d 
posited in the mercury was secured by distilling oil the latte, 
metal. The radium prepared looked like metallic calcium o. 
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barium and acted like them. It quickly tarnished in the air and 
decomposed water at a moderate speed. Its carbonate and sulfate 
were insoluble and its hydroxide a moderately strong base. In 
short, radium had to be placed in Group II of the Periodic Table. 
Its valence number in its compounds is 2. 

To find the exact atomic weight of radium was a simple matter 
when the element was known to be divalent. Analysis of the 

chloride showed the proportion 
by weight of chlorine and ra- 
dium to be 35.46 : 113; there- 
fore, the formula must be RaGU 
and the atomic weight of ra- 
dium 226. 


Madame Curie began her career at 
the Sorbonne in Paris by washing 
beakers and bottles, like the youthful 

Faradav at the Roval Institution in 

* • 

London. 

Radium Rays. Soon after 
the discovery of radium it was 
discovered that radium gives off 
three types of radiations. I he 
alpha rays are positively charged 
atoms (nuclei) of helium moving 
at the rate of 12,000 miles per 
second. They do not actually 
travel 12.000 miles, however, in 
any time: they are stopped com- 
pleielv lx ‘Ibre they have gone 8 cm. through the surrounding air. 
\i ter colliding with several thousand air molecules their initial 
\elocitv is reduced to nothing. But they produce very appreciable 
elfects while traveling. Much heat is developed and as they smash 
through about 2(H). (HM) air molecules some of the latter have 
electrons knocked out of them and thus become ionized particles. 
Now ionized gas molecules act as nuclei for the condensation ot 
moisture just as well as do dust particles. O. T. R. Wilson showed 



Fig. 99. Fog tracks of alpha particles 
from radioactive elements crashing 
nitrogen. One direct hit on a 
niiioecn nucleus is shown. Harkins. 
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this very cleverly by placing a bit of radium in a bulb oi a.r 
saturated with water vapor. On sudden cooling t c rops o 
moisture condensed as fog wherever ionized a.r molecules exu 
Wilson photographed these fog tracks, thus showing the path 
an alpha particle. This experiment furn.shed convincing evidence 

of the existence of atoms and molecules. 

The collision between an alpha particle and a crystal of zin 

sulfide is marked by a visible flash of light, 

(Fie 100) is a simple contrivance for magnifying tins effect. 
At one end of a small tube is a zinc sulfide screen and near tins 



Fig. 100. The spinthariscope. 

is a minute speck of a radium salt. At the other end of the tube 
is a lens to magnify the flash of light when an alpha particle hits 
the screen. The human eye needs fifteen or twenty seconds of re 
in darkness before it can observe the faint flashes ol light. It is 
decidedly impressive to see the work of a single atom and 
realize that this bombardment continues for thousands of years. 
These alpha rays arc able to decompose water, to convert oxygen 
into ozone, and to bring about the union of hydrogen and 

Ch Thl n U rays are identical with cathode rays, but move faster 
and are 100 tfmes as penetrating. These cathode radiations and 
beta ray ar known to be merely streams of electrons. When 

thrown off by radium they move nearly ,86.000 
(the velocity of light). Since they have only n\ro lhc mass 
aloha parties they are deflected much more by a magnetic field 
(pt 101 ) As negative particles they are deflected in the opposite 
di ect on from alpha particles. In spite of their tremendous initial 
v oc ty hey are completely absorbed after smashing through 
Tern, of water or 1 mm. of lead or 4 mm. of aluminum and 
causing some ionization of atoms. 
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The gamma rays resemble X-rays but are far more penetrating. 
They are electromagnetic disturbances, not streams of small par- 
ticles, and hence are not deflected in a magnetic field. Alpha 
particles arc stopped by 0.1 mm. thickness of aluminum foil, 
beta rays by 10 mm. thickness, and gamma rays by 1 ft. of 
iron. 

The Disintegration of Radium. Rutherford (then at McGill 
University) was the first to suggest (1902) that radium actually 
breaks down by throwing off other elements at great velocity. 



Fig. 101. Three types of radium Fig. 102. Detecting the trans- 
radiations in a magnetic field. formation of radon into helium. 

Ramsay and Soddy proved that the alpha particles are atomic 
nuclei of helium. Rutherford later secured a gas from radium 
which he condensed to a liquid by cooling in liquid air. It then 
volatilized on warming. This peculiar gas was itself radioactive, 
although half of this activity disappeared in 3.8 days. It was 
called “radium emanation'’ until Ramsay, working with a few 
cubic millimeters, determined its molecular weight (222.4) and 
named it niton , now radon. 

A series of disintegration products has been discovered starting 
with uranium and, through twelve intermediate products, ending 
with lead. Since all uranium compounds or minerals are radio- 
active, they must contain radium. One gram of radium in one 
year gives ofi 16” 7 cu. mm. of helium gas. By counting the number 
ot alpha particles emitted per second from a minute portion of 
radium (containing a known number of radium atoms) it has 
been estimated that halt of the radium atoms will have decayed 
in about 1590 years. 
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THE DISINTEGRATION OF RADIUM 

One gram of radium emits 3.7 X 10'" alpha particles per 
second. Polonium is far more active. 

The first definitely established example of transmutation of one element into 
another was observed and tasted by Rutherford in 1909. Using the glass 
apparatus represented by Figure 102, he evacuated the tubes B and C and 
filled A with helium under slight pressure. No spectroscopic trace of helium 
could be observed in C during an electric discharge between the two wires. 
This proved that helium could not leak through the tube A. This inner tube A 
was made from glass less than 0.01 millimeter in thickness, so that alpha 
particles could penetrate it, if given opportunity. Having tested for leaks. 
Rutherford now filled A with radon, the gaseous emanation Irom radium. 
In a few hours the spectrum of helium was observed in C. 


All the radium in the world today is younger than the human 
race. The half-life of radium is 1 590 years. Half of the remainder 
decays in another 1590 years, and so on. In the radium disinte- 
gration series below, He represents an escaping helium nucleus 
and E an electron. The half-life, atomic weight, and atomic 
number of each element are given. Small decimal fractions are 

omitted. . . , 

If the nucleus of a radium atom loses a helium atom with two 

positive charges on it, the atomic number is decreased by two 
(positive charge decreased by two) and the new element is 
shifted two groups to the left in the Periodic Tabic. When 
Radium B loses an electron from the nucleus, the resulting c e- 
ment is shifted one place to the right because expulsion of an 
electron from a neutron in the nucleus creates one additional 
free proton there. These are illustrations of the radioactive dis- 
placement law. In radioactive decay the electrons thrown off 
explosively come from the nucleus (perhaps from explosion of 

neutrons), not from the energy levels around it. 

It is a startling fact that lead occurring in uranium ores has an 
atomic weight of 206, while common lead with an atomic weight 
of 207 21 is a mixture of isotopes. To add to the anomaly the 
atomic weight of lead associated with thorium (also radioactive) 
is 208.4, a mixture of isotopes. Remember that the weight of an 
electron is negligible, only 1S W that of a hydrogen atom, and 
that a helium atom has a weight of 4. Now check the weights in 
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the uranium-radium-lead series above and it will be apparent 
that the final product, lead, must have an atomic weight of 206 
rather than 207.21. Extremely accurate atomic weight deter- 


Helium nucleus 



4.5x10* years 


Electron 



Uranium Xi 
24.5 days 



7.6xl0 4 years 



Radium 
1590 years 




4 85 days 



Polonium 
13G days 



Uranium X 2 
1.14 minutes 



3.8 days 



10“ 4 seconds 


He 



LEAD (the end) 



Uranium) 
2x10* years 



Radium A 
3.05 minutes 



19 years 


Fig. 103. Disintegration of elements in the radium series. Half-life. 


initiations by Richards of Harvard gave the same result. Different 
forms of lead, with identical chemical properties and different 
atomic weights, are called isotopes. The outer electron layer of 
one lead isotope is the same as that of another. 

A beautiful demonstration of the disintegration of radon is possible if an 
evacuated glass vessel containing a loosely crumpled sheet of paper which has 
been dusted with phosphorescent zinc sulfide is connected with a small tube 
of radon gas. On opening the stopcock between the two vessels the radon 
uddcnly fills the large vessel, bombards the zinc sulfide with the high-speed 
alpha particles of disintegration and causes an astonishing phosphorescent 
glow, very effective in a darkened room. 
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Energy of Radium. One gram of radium gives off more than 
enough heat to melt its own weight of ice every hour .to be exact 
120 cal This heat is the result of the collistons of alpha and beta 
w„h D,.H„ S .m** t* 

2,000,000,000 cal. arc released as compared with 7870 cal. 
the combustion of 1 g. of carbon. 

The Radioactive Clock. It is obvious that the minimum age of a uranium 
The Radioactive lhal onc cram of uranium 

r- * — *■ - - - — 

Uses of Radium. The chief use of radium today is as a thera- 
peutic agent. Its radiations have a greater effect on unheal y 

‘° r t C : n C t P excep where mechanical difficulties intervene. 

SO Tl"n y e!tpo U sure l to any considerable quantity of radium 

“Si!“ — ' the insoluble sulfate to prevent 

watch faces ’ door 

numbefiTtc by mixing 100,000 parts of phosphorescent zinc 
sulfide with frmJl to ,0 parts of a radioactivesaffi he ac o-s 
the same as in the spinthariscope. About 15 cents worth 

“tested in a new auto spark plug to ionize the air, 
making an easier path for the spark. Polonium decays mote 

rapidly than radium. 
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Far more important than its use in therapeutics is the light that 
radioactivity has thrown upon the problems of the constitution 
of matter. 

The Radium Industry. The original pitchblende deposit in 
Austria was soon exhausted. Fortunately a richer ore was dis- 
covered in the Belgian Congo, and carnotite (another uranium 
mineral) in Utah. In 1931 a rich pitchblende deposit was found 
north of the Arctic Circle along Great Bear Lake, Canada. The 
world’s stock of radium now approaches a kilogram and the price 
has fallen from SI 35,000 per gram to S20,000. 

One giant X-ray tube can produce more high-power gamma 
radiation than all the available radium in the world. 

Other Radioactive Elements. Thorium decays and yields a scries of active 
products. With ten intermediate products it gives an end-product of lead. 
The first product, mesothorium, is used as a cheaper substitute for radium. 
Unfortunately half the material decays in 6.7 years and half of the remainder in 
another 6.7 years, and so on to the end. The gamma rays from thorium D arc 
the most penetrating known, passing through 16 cm. of lead before being 
reduced to 2 J 0 their potency. Mesothorium decays at least 250 times faster 
than radium and hence in the pure state is more active than radium. Actinium 
and polonium are also radioactive. Many isotopes of common elements, formed 
by the cyclotron or the atomic pile, arc radioactive. 

A. V. Grosse in 1934 isolated protactinium (Pa), listed in the 
Periodic Table to date as U-X, or element No. 91, and has deter- 
mined its atomic weight as 231 ± 0.5. It has an average life of 
46,000 years and so comes into the laboratory for use. Many of 
its compounds have already been prepared. Like radium it is a 
member of a decay series. 

STRUCTURE OF THE ATOM 

The modern theories of atomic structure were developed after 
the facts of radioactivity became established — and in the light 
of these facts. 

To Rutherford we owe the first suggestion of the accepted 
nuclear theory. According to this theory the neutral atom is a 
miniature solar system with a definite number of positive charges 
(protons) rather closely compacted in a central nucleus. Asso- 
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dated with the protons in the nucleus are neutral particles of pro- 
ton mass (neutrons). Surrounding the nucleus at relatively great 
distances are electrons exactly equal in number to the excess o 
positive charges in the nucleus; hence the neutrality ol such an 

In nuclei the neutrons may play the role of a binding cement 
which holds the entire nucleus together, in spite of the strong 

repulsive force between the positive protons. 

Rutherford in 1912, by a study of the scattering of alpha par- 
ticles shot through a thin film of gold, demonstrated that the 

positive nucleus of the atom must be 
small, and surrounded by electrons 
relatively great distances apart. See 
Fig. 104. 

Gilbert N. Lewis in 1916 advanced 
his startling “octet" theory, which in 
1918 and later was so brilliantly ap- 
plied and extended by Langmuir. 1 
According to Lewis, electrons are 
arranged around the nucleus in 
concentric shells. In the rare gases 
(excepting helium) the outer shell 
contains eight electrons — and the 
atom is absolutely inactive chemically. 

With increasing atomic weight (due 
largely to increase in the protons 
and neutrons of the nucleus) new outer shells arc built up 

around the structure of the atom. Helium has a nucleus of two 
free protons and two neutrons, and an outer shell of a stable pair 
of electrons. From this element we advance to lithium by increas- 
ing the weight of the helium nucleus and surrounding the helium 
atom with an outer shell with places for eight outer electrons, but 

with onlv one such place occupied. 

The next heavier element, beryllium, is built up by addition ol 

' Langmuir held that some outer shells are complete with 18 or 32 electrons so 
arrangXaT to give great stability. A, .hi. stage it is no. essential that we cons, tier 
anything more than the simplest form of the octet theory. 


Fig. 104. Positive alpha parti- 
cles passing through an atom 
may be uninterrupted it rela- 
tively far from the positive 
nucleus, deflected if near, and 
reflected back if about to col- 
lide with the nucleus. 
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a second electron to the same outer shell of lithium with the 
appropriate increase in the nucleus. With the next elements in 
order of increasing atomic weight — boron, carbon, nitrogen, 
oxygen, fluorine, and neon — we find a steady increase of elec- 
trons in the outer shell until with neon (inactive) the shell is 
complete with eight electrons — an octet. 

Then another shell is added (incomplete) with one electron 
actually in place (but room for seven more) to form the atom of 
sodium. This shell may be gradually filled with electrons until 
with completion of its quota (eight) the atom of argon (inactive) 
is formed. Thus we see the periodic formation and filling in of 
outer shells, eight elements in each period building up from one 
to eight electrons for the outer octet. 

We may call the electrons of an incomplete outer shell “va- 
lence electrons.” Chemical reaction is merely a matter of transfer 
or sharing of these electrons. The preponderating tendency of each 
atom is toward an arrangement of electrons with eight in the 
outer shell, secured by gain or loss of electrons, or by electron 
sharing. 

The Bohr Atom. Bohr’s conception of the atom (1913), a con- 
ception that is changing under constructive criticism, differs from 
the static arrangement of electrons suggested by G. N. Lewis and 

\6 /rty \7 'Tij \Q/n/ \»2/n^/ 

Ha C N O Na Al 

Fig. 105. Atomic nuclei representing ‘'free" protons and neutrons, definite building 
bricks of matter. The neutrons have the mass of protons but no charge. There is no 
significance in the fact that in the first four nuclei above the protons arc numerically 
equal to the neutrons. 




Langmuir. Bohr held that the planetary electrons revolve at high 
velocities in circular and elliptical orbits around the nucleus. 
Sommcrfcld in 1919 added the conception of sub-levels. With 
the heavier atoms the arrangement of orbits is amazingly com- 
plicated and it has been suggested that the electrons are spin- 
ning as well as revolving around the nucleus and that the nucleus 
also may be spinning. 
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There is one distinct advantage in the modified Bohr theory 
that is worthy of mention here. By the Lewis and Langmutr 
theory no outer shell can be begun until the electron layers or 

shells beneath are complete. Not so with the Bohr theory. 

There can be only two electrons in the energy level nearest the 
nucleus, eight in the next layer, and room for more m<h= layers 

farther out as represented in uranium 2, o, lo, 3-, , > 

but no element with more than 4 levels has its three outermost 

le 7n the otter layer or energy level there may never be more than 

8 electrons and never more than 18 in the layer nex e 
(although there may be fewer). In colorless cuprous compounds 
the electron distribution from the center out ts 2, 8, 18, 1, h 
in blue cupric compounds the distribution between energy level 
3 2 8 7 2. Since valence relates to electrons in the outermos 

level only it is seen that cuprous copper is monovalent and cupnc 

“irch'romiu^ and in copper there is only a small difference in 
energy between the two alternative levels poss.ble for outer elec 
™o an electron can readily be transferred from one level to 




the other. Of course an electron droppmg from the outermost 
level to the one beneath is no longer a valence electron. 

According to the wave mechanics theory the electrons move m 

'"o' “2 T Ihi, book i. . Of the 

listing the number of planetary electrons in the various energy 
levels The two in the K level next to the positive nucleus are 
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so powerfully attracted that their displacement causes emission of 
X-rays. The farther from the nucleus the more readily electrons 

are displaced by energy from without. 

Isotopes. In radium decay some newly created radioactive 
elements fall into places in the Periodic Table already occupied, 
that is, they are isotopic forms. The two or more species of any 
atom differing only in the number of neutrons in the nucleus, 




Fig. 107. Isotopes of chlorine. 

not in the chemically active outer layer of electrons, are called 
isotopes. Without isotopic forms of an clement atomic weights 
would be whole numbers. For example common chlorine gas 
consists of chlorine atoms weighing 35 and others weighing 37. 
The weighted average is 35.47 for about three-fourths of the 
atoms are the 35 isotope. 

In normal carbon 99 out of every 100 atoms have an atomic 
weight of 12 and one atom has an atomic weight of 13. As shown 
in the next chapter a radioactive isotope, C 14 , has been made. 
Such an isotope can serve as a “tracer” to study how plants 
transform the atoms of carbon dioxide of the air into their body 
substance, how organic compounds are created, or how the 
human body utilizes so many of the carbon compounds of which 
it is composed. 

Positive-Ray Analysis. Mass Spectrometer. In Fig. 108 is 
represented a vacuum tube (at left) with anode, and a cathode 
perforated in the center. When a trace of some gas is admitted 
while a high potential electric discharge takes place the high- 
speed electrons from the cathode knock electrons out of the gas 
molecules, thus forming positively charged gas ions. Under the 
electric stress these positive gas ions are driven toward the 
cathode, through the small center hole, and on to a photographic 
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plate. Under the influence of a powerful electrical field and 
magnetic field, NS, these positive rays are bent out of their 
straight-line course according to their charge (readily calculated) 
speed, and mass. Gaseous ions of equal mass are focused on the 
same line on the photographic plate, those of other masses on 
parallel lines. Hence it is possible to calculate, from the positions 
of these bands, relative masses of atoms. Aston, the English 



Fig. 108. Positive-ray analysis. 

physicist, so improved J. J. Thomson’s original apparatus that 
his error in determining atomic weights was only one part in 
10,000. An accuracy of 99,999 parts in 100,000 is possible. 

When the rays come from a mixture of isotopes ol an element, 
each isotope is marked by a separate band on the photographic 
plate. From the position of the band the mass of the correspond- 
ing atom can be learned. 

With such technique a few hundred isotopes have been de- 
tected, and “weighed,” for nearly all elements. 

The mass spectrometer has become an analytical instrument 
for gas mixtures. Obviously the gases must be ionized before 

analysis. 

Exercises 

1. What arc isotopes? 

2. What has become of the molecule in a crystal of common salt? 

3. What do the outer-shell electrons in an atom have to do with valence? 
What do they have to do with chemical reactions? 

4. What is the difference between the electron processes in formation of 

CC1« and NaCl? 

5. What is the difference between the Bohr atom and the Lcwis-Langmuir 
atom? 
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6. What started us on our way to the present conception of the atom? 

7. Why doesn’t carbon tetrachloride ionize? 

8. What is the nature of the neutron? 

9. How has the discovery of radioactivity aided pure science? Industry? 
Medicine? 

10. Since it is the positively charged mass of the nucleus of the atom which 
“holds” or attracts electrons, in which atom will the valence electron be 
held on to or attracted most strongly, that of lithium or that of rubidium? 
The lithium electron levels contain 2, 1 electrons while the rubidium levels 
contain 2, 8, 18, 8, 1. 

Give the REASON for your answer. 

11. In what ways do the X-ray tube and radium compete? 


Reference 

Campbell, J. A., “Structural Chemistry,” J. Chan. Education , 25, 558 (1948). 
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Outer planetary electrons are readily stripped from atoms by 
heat, ultra-violet light, or the current-passage through a Crookes 
tube. But when the nuclei of radioactive atoms spontaneously 
eject particles or when direct hits on a nucleus are made by last- 
moving particles of various sorts something more wonderful takes 
place. The changes produced are those of nuclear chemistry, so 
deep-seated that they may involve the transmutation of elements 
It was Rutherford, in 1919, who first succeeded in the artificial 
disintegration of an element, nitrogen, by bombardment with 
alpha rays (high-speed helium nuclei). In rapid succession he 
knocked protons (hydrogen nuclei) out of a dozen elements by 

the same technique: 

7 N u 4- 2 Hc 4 — » Mass 18 — > 1 H 1 + »O l ' 

In 7 N» 4 , for example, the 7 is the atomic number while the 14 

represents the mass or atomic weight. 

This new isotope of oxygen, supposed to be the product of the 

above nuclear reaction, was not actually recognized until over a 
decade later. 

In 1931 Chadwick, in England, identified the neutron (repre- 
sented by “n”) as a component of the atomic nucleus. Forced out 
by bombardment of beryllium with alpha particles it showed 
penetrative power so great as to be explained only by a lack of 

charge. The neutron has a mass of one. 
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In 1 934 Irene and Jean Frederic Curie-Joliot made aluminum, 
boron, and magnesium radioactive by attacking their nuclei with 
a stream of alpha particles from polonium: 

3 10 + 2 He 4 -> 7 N 13 + on 1 

In this sensational nuclear warfare every conceivable type of 
bullet was tried, in several instances with brilliant success. 

BULLETS FOR ATOM-SMASHING 

Alpha Particles: nuclei or positively charged hearts of helium 
atoms thrown off at high velocity by radium, polonium, meso- 
thorium, and other radiactive elements. 

Electrons: the negative beta particles ejected from radioactive 
elements, from heated substances, and from the cathodes of 
X-ray tubes or in a stream from the betatron. 

Protons: hydrogen nuclei or hearts formed from hydrogen 
during passage of an electric discharge through a vacuum tube 
and given high velocity as “canal rays” passing through a hole 
or canal in the cathode. Other gases in such a tube may be 
ionized and driven through the cathode canal as positive rays. 

Neutrons: penetrating neutral particles of protonic mass 
ejected from beryllium and certain other elements during bom- 
bardment by alpha particles or by high-speed deuterons. They 
arc also secondary products in uranium fission. 

Deuterons: nuclei or hearts of deuterium, heavy hydrogen 
atoms, consisting of a proton and a neutron. 

X-rays from the betatron arc so powerful that they act like 
bullets in disrupting nuclei. 

Lord Rutherford believed that Nuclear Chemistry or Nuclear 
Physics is, in a sense, a new branch of knowledge, important to 
chemist, physicist, biologist, and physician. Now we realize its 
role in engineering and war. 

BULLETS AND MASS 

Alpha particle, 4.003 Neutron, 1.00897 

Electron, ysVff Deutcron, 2.01473 

Proton, 1.00758 


DEUTERONS 
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ATOM-SMASHING APPARATUS 

The earliest device for accelerating the atomic bullets was a 
giant X-ray tube producing positive rays (canal rays) of any 
desired gas. Even with high vacuum there is some gas in the tube 
and it becomes ionized. Tubes operating at one or two million 
volts are now in use. 

Lawrence and his associates at the University of California in 
1933 invented the most powerful gun: a cyclotron, in which 
gaseous ions are given an accelerating tap during rotation by an 
oscillation of an electrical field. In the original cyclotron a 220- 
ton magnet is used to hold them in a circular path. Lawrence 
received the Nobel Prize award in Physics (1939) for this work. 

“Voltages produced from high-voltage transformers arc applied to hollow 
metal electrodes shaped like a pill box which has been cut in two and the two 
halves moved apart a little. This space is evacuated and is provided with a 



glowing filament against which hydrogen atoms impinge and arc converted to 
hydrogen nuclei. The electrode chambers are subjected to the influence of a 
powerful magnetic field acting perpendicularly to the path of the particle. 
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The hydrogen nucleus is attracted into the negative electrode chamber with 
a speed related to the voltage applied. At the same time its path is depressed 
by the action of the magnetic field and in a minute fraction of a second the 
voltage is reversed, giving the hydrogen nucleus another kick equal to the 
voltage applied. With the current alternating 10 to 20 million times per second, 
the charged particle moves faster and faster in an ever increasing spiral until it 
and millions like it are flung out through a tube in the periphery of one elec- 
trode as a bombarding beam of charged particles each having a speed corre- 
sponding to eight million electron volts. A container of the clement to be 
bombarded is placed in the path of the beam and the effects studied for their 
information on the structure of the nucleus.” (L. A. Dubridge.) 

The University of California built a second cyclotron weigh- 
ing 5000 tons which produces a 200,000,000 electron volt deu- 
teron beam or a 400,000,000 electron volt beam of alpha 
particles. 

A third giant cyclotron is planned to give particles an accelera- 
tion of 10,000,000,000 electron volts. In this the circular path of 
particles would be 110 feet. 

With the aid of the cyclotron most elements have been disinte- 
grated. Mercury may thus be converted into gold, at a financial 
loss ! The cyclotron was the most effective device for producing 
new radioactive substances by atomic disintegration. Now the 
“atomic pile” has surpassed it. And yet over two thirds ol the 
known elements can be made from uranium by a cyclotron beam 
of alpha particles. 

The Betatron. In this device by Kerst a stream of electrons 
from a hot filament moves inside a ring-shaped evacuated glass 
tube supported between the poles of a powerful magnet. These 
electrons travel around inside the tube 250,000 times in about 
0.004 sec., receiving an acceleration at every revolution; then 
they arc released as a beam of beta rays or strike a tungsten 
target and generate X-rays. The striking speed for one of the 
largest betatrons of 1946 is 100,000,000 electron volts. Its electro- 
magnet weighs 130 tons. (An electron volt is the kinetic energy 
of a particle carrying a single electric charge in falling freely 
through a potential drop of one volt.) The X-rays from this 
giant betatron are far more powerful than any previously 
known. 


THE BETATRON 
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With this betatron’s X-ray beam the nucleus of nearly every 

type of atom has been broken up. 

The synchroton, a modification of the betatron, also prom- 
ises to become a powerful tool in nuclear chemistry. Synchro- 
cyclotrons are being built. 

The linear accelerator now under construction is a straight 
sectional tube device of power increasing with length. It may 
rival the cyclotron. 


TRANSMUTATIONS 


Bombardment by heavy deuterium nuclei, as expected, has 
proved to be more effective than smashing with hydrogen nuclei. 
For example, lithium has been transmuted into helium ions or 
alpha particles by overloading the nucleus so that it breaks apart : 

3 Li 7 + 1 D 2 -* 2 2 He 4 + n l 


Lawrence in California (1933) forced neutrons out of beryl- 
lium by the impact of 3,000,000-volt deuterons. Previously this 
had been done in Europe by use of alpha-particle bullets. I o 
date not only beryllium but helium, lithium, carbon, argon, 
nitrogen, oxygen, and other elements have yielded neutrons 
under bombardment. The neutron is a building brick in atoms. 

When a cyclotron beam of heavy hydrogen nuclei, deuterons, 
moving 25,000 miles per second, strikes beryllium, a copious 
emission of neutrons is secured. To equal, in this way, the neu- 
tron yield of such a cyclotron would require bombardment of 
beryllium by the alpha particles from 200 pounds oi radium. 
The larger cyclotron may drive alpha particles. 

Lauritsen and his associates at the California Institute o 
Technology found deuterons the most effective atomic bullets 
for attack on beryllium — if neutrons were desired. Boron is the 
product of transmutation in this instance. 

4 Be 9 4- 1 19 2 -> & B'° + n 1 

Speeding alpha particles, protons, or deuterons are probably 
captured by the nucleus before emission of other units. I he new 
nucleus formed by addition of a proton or other particle is un- 
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stable and must break down into a stable nucleus, by means of 
emission of energy or particles, or both. 

Ten isotopes of element 43 have been prepared by nuclear 
reactions from molybdenum. Number 43 (technitium, formerly 
called masurium) resembles rhenium more closely than it 
resembles manganese. Volatile oxides and halides have been 
made and sulfides precipitated by hydrogen sulfide in strongly 
acid solutions. 

Element 61 also has been synthesized by nuclear reactions. 
Number 85 (astatine) was formed when cyclotron-driven alpha 
particles bombarded bismuth. It resembles the halogens some- 
what but is more metallic than iodine. Number 87, francium, 
has a half-life of 21 minutes. 

In 1944-45 two new transuranium elements, 95, americium 
(Am) and 96, curium (Cm), were prepared by Seaborg and 
associates, using cyclotron beams. Later curium was isolated. 
The preparation of elements 93, neptunium (Np), and 94, 
plutonium (Pu), is described on the next page. 

Uranium Fission. In 1939 and 1940 the atomic “fission” 
of the uranium isotope of mass 235 by Hahn and Strassmann 
was recognized both in Europe and in America. This fission 
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was accompanied by the emission of tremendous energy, nearly 
200,000,000 electron volts per atom of U 23i . Compare this 
impressive figure with the four electron volts of energy released 
by burning an atom ol carbon or of hydrogen. 

There is an important chain of reactions in fission in the sense 
that secondary neutrons are released to cause other fissions and, 
theoretically, to continue thus until all the U- 3> in a given 
sample is exhausted. However, the presence of U 23s and other 
impurities quickly breaks this chain reaction. Since U con- 
stitutes only one part in 139 in common uranium the critical 
problem was separation to obtain pure U 233 . The problem was 

solved. 


ATOMIC ENERGY AND URANIUM FISSION 

Military necessity in atomic bomb research greatly advanced 
our knowledge of atomic energy — and created lour new ele- 
ments, 93, 94, 95, 96, heavier than any known in nature. 

Neutrons from a suitable source were slowed down by passage 
through graphite or deuterium-rich compounds to the kinetic- 
energy of gas at ordinary temperatures. Slow neutrons are 
readily captured by the nucleus of the isotope U 23> . A typical 
reaction follows: 

92 U 23i + neutrons (slow) -> Ba + Kr + 2 neutrons (fast) + heat 

It was found that the supposedly worthless isotope. .rjU 2 '\ on 
bombardment with neutrons became another isotope, „ a U- 39 , 
which in turn soon lost an electron and became a new element, 
neptunium or w Np 23a . In a few days this unstable neptunium 
lost an electron, or beta particle, and became another new and 
rather stable element, plutonium, «mI > u~‘ j . 

92 U 238 + n — -> wNp** + «Pu aw + 0 

The next tremendous discovery was that plutonium was 
fissionable under bombardment by slow or only moderately last 
neutrons. It was created on a large scale with many radioactive 
byproducts and the release of great quantities of energy as heat. 
The exact method of use of plutonium in the bomb is a military 
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secret at present. Chemically it is a new element, No. 94, in 
the table of Atomic Numbers, hence may be separated from the 
isotopes of uranium and other substances present by chemical 
means. 

The entire chemistry of the planned large-scale separation 
was worked out with less than 1 mg. of plutonium — a triumph 
of ultra-microchemistry. Plutonium, 239, has a half-life of 
24,000 years. 

The uranium isotopes, being chemically alike, are extraor- 
dinarily difficult to separate and yet it was accomplished by 
physical means. 

The discovery of plutonium fission multiplied by 100 our 
previous resources of nuclear energy. 

A self-sustaining chain reaction is not possible in a solid block 
of ordinary uranium metal. The more abundant U 238 nuclei 
absorb too many neutrons. Yet if the uranium is cut up into 
small pieces and these arc separated throughout a large block 
of graphite (a “pile”) the neutrons will be slowed down by the 
graphite so that they can rupture the U 235 nucleus. Even so if the 
pile is too small too many neutrons escape from the surface. The 
danger is that a "critical size'' of pile may explode like a bomb. 
Rods of cadmium or boron arc inserted in the pile (by remote 
control) whenever fission needs to be moderated for safety. 

I hese two elements are unique in their ability to absorb 
neutrons harmlessly. Of course in an atomic bomb the desired 
critical size ol the mass of U 23 “ or Pu 239 is obtained by suddenly 
bringing together two lesser masses. 

It might be added that fission of a thorium isotope, Th 232 , 
by last neutrons is possible. Elements lighter than mass 210 
apparently do not take part in chain reactions although they 
may be made radioactive. 1 here is great interest in location of 
new deposits of uranium and thorium minerals. 

b ntil plutonium was found to be fissionable tremendous 
efforts were made (successfully) to isolate U 235 . Since the 
methods used illustrate chemical principles already mentioned 
in this text they merit attention here. First pure uranium was 
prepared by electrolysis of KUF 5 in fused xNaCl and CaCl,. 
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1. Gas Diffusion Method. According to Graham’s Law (p. 69) 
the rate of diffusion of a gas through a minute hole or an ideal 
porous barrier is inversely proportional to the square root of its 
molecular weight; hence molecules of uranium hexafluoride (a 
gas) containing U 235 diffuse slightly faster than similar molecules 
containing U 238 . A great number of repetitions of the process 
required acres of porous barriers and thousands of pumps. 
Uranium hexafluoride, UF 6 , is extremely corrosive so the diffi- 
culties were enormous. 

2. Thermal Diffusion Method. A liquid compound of uranium 
circulates by convection between two coaxial cylindcts main- 
tained at different temperatures. The lighter compound oi U 23 -‘ 
tends to concentrate in the warmer region and that ol L J3 Mn 
the cooler region. The enriched output was used as a supply loi 

the electromagnetic separation. 

3. Electromagnetic Method. The principle of operation is the 
same as that of the mass spectrograph (p. 312) aided by the 
cyclotron idea. Molecular ion beams produced by bombarding 
a gaseous uranium compound, UF 6 , with electrons are acceler- 
ated to high velocity in an electric field. The ion beam is then 
split into two parts by passage through an intense magnetic 
field, the heavier U 238 moving in a larger semicircle than the 


lighter U 235 . 

Recently this principle has been used in analysis ol the com- 
plex mixture called petroleum. After forced ionization, by 
electron bombardment, the gas ions follow curved paths with 
radii proportional to the masses of the particles. 

Change of Mass to Energy. If the helium atom with a mass 
of exactly 4.003 is built up from four hydrogen atoms, there 
must be a slight loss of mass in the close packing ol nuclei since 
4 X 1.008 = 4.032. Since mass can be converted into energy, 
the energy released by the sun corresponds to a loss ot mass 

equal to 4,000,000 tons per second. 

Put in other terms, when 4.032 g. of hydrogen are converted 
into 4.003 g. of helium, 700,000,000 cal. are released, while il 
the same 4.032 g. of hydrogen are burned to form water, only 

136,660 cal. arc liberated. 
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Einstein’s equation which relates mass and energy is E = me 2 
where E is energy, m is mass, and c the velocity of light. A photon 
(unit particle of light), corresponding to about one million 
electron volts, would have the mass equivalent to a positron- 
electron pair. In the fission of enough uranium or plutonium to 
lose one gram of mass there must be 20 billion calories of heat 
released as the Einstein equivalent of this loss of mass. When one 
gram of carbon is burned only 7870 calories are formed. 

Atomic Power. In 1946 it was estimated that nuclear power 
could be produced at a cost of 0.8 cents per kilowatt hour as 
compared with 0.65 cents for power from coal. In areas far 
distant from coal fields and, possibly in larger ships, nuclear 
power may become attractive. Furthermore, its cost may decline 
as a result of further research. The high temperature of atomic 
fission is the source of useful power. 

CHEMICAL PROPERTIES OF ELEMENTS 93, 94, 95 AND 96 

While elements 90 and 91 (thorium and protactinium) 
show a great chemical resemblance to the first members in the 
hafnium-to-osmium transition series it is remarkable that 93 
and 94 (neptunium and plutonium) show practically no resem- 
blance to rhenium and osmium. Rather they most resemble 
uranium. Perhaps it is an inner electron shell that is being filled 
in the progression of elements following uranium. 

Scaborg suggests that an “actinide” series beginning with 
actinium should be written, similar in a sense to the “lanthanide” 
series that begins with lanthanum. 

There are four oxidation states of plutonium, corresponding 
to positive valence numbers of 3, 4, 5, and 6. A large number of 
plutonium compounds have been prepared, some of them yielding 
colored ions. 

The lower oxidation states tend to be more stable than is the 
ease with neptunium. 

A comparison of the electron shells or energy levels of uranium 
and plutonium is interesting. 

U, 2, 8.18, 32, 21, 9, 2 
Pu, 2, 8.18, 32, 24, 9, 2 
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Like uranium with its uranyl ion, U0 2 ++ (salt forming with 
anions) plutonium also forms a plutonyl ion, Pu0 2 ++ . 

New Elements. Elements 95, Americium, and 96, Curium, 
were formed by bombarding U 238 and Pu 239 with alpha particles 
from the cyclotron. Neptunium, 93, and Plutonium, 94, have 
been discussed. Americium has a half-life of 500 years; Curium, 
only 5 months. 

INDUCED RADIOACTIVITY 

When induced radioactivity was first produced (1934) by the 
Curie-Joliots by the bombardment of boron with alpha pai tides, 
the disintegration of boron continued for 15 minutes or longer 
after the bombardment stopped. (See page 316.) With bom- 
barded aluminum the post-bombardment decay period was four 

minutes. 

This extremely important research has been continued in sev- 
eral laboratories with such success that "induced radioactivity 
is almost commonplace. Neutron bullets are able to give artificial 
radioactivity to the nuclei of practically all elements. The atomic 
pile is now the most powerful source of neutrons. By 1948 at least 

500 radioactive isotopes had been produced. 

A given kind of radioactive atom can sometimes be made in 

several ways. 

13 A1 27 + on 1 — uNa 24 + 2 He 4 
!2 Mg 24 + on 1 -> nNa 24 + iH 1 
„Na 23 + H 2 -> nNa 24 + iH 1 
nNa 24 -» i?Mg 24 + e 

Many elements have two or more radioactive isotopes, such as 
Al 20 , Al 2 \ and Al 29 , produced through different nuclear reactions. 

Fluorine has only one stable isotope but three radioactive 
isotopes, F 17 , F 18 , and F 20 , were made by proton and deuteron 

bombardment. 

Radioactive C 14 with half-life of 1000 years, has been prepared 
by neutron bombardment (from the atomic pile) of nitrogen 
compounds: a transmutation of nitrogen into one of the carbon 
isotopes. The carbon was captured as carbon dioxide. 
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Radioactive carbon of atomic weight 14 and long half-life 
will be valuable as a tracer element in following the course of the 
reactions by which carbon dioxide is utilized by growing plants 
(photosynthesis), as well as in the reactions of organic chemistry 
and biochemistry. It already has great value in industrial 
research. 

When radioactive phosphorus was added to steel it concen- 
trated around blowholes as shown in photographs taken with its 
own radiations. And the dangerous blowholes were detected. 

Temporarily radioactive sodium in common sodium chloride 
might conceivably be used by physicians for internal radiation. 

Compounds of radioactive phosphorus (half-life, 15 days) are 
being used as tracers in food to find how it is converted into 
tissues of the body. Its presence is readily detected by delicate 
electron-counter apparatus. 

A radioactive phosphorus isotope was made from sulfur and 
fed (as a phosphate) to an adult rat. In one week 29 per cent of 
the dose was found in the bones and some in the teeth and liver. 

The Geiger-Muller counter is a vacuum tube with cathode 
and anode and a window through which electrons emitted from 
the nuclei of radioactive atoms may enter. These fast electrons 
create ions by stripping electrons from gas atoms in the tube. The 
increased conductivity of the gas causes a discharge in the tube, 
amplified by a suitable device to produce audible clicks in a loud 
speaker or other useful effects. 

The Geiger counter is a warning watchdog for scientists work- 
ing with an atomic energy pile. Lawrence held it close to the 
thyroid gland of a friend who drank a “cocktail” containing a 
compound of radioactive iodine a few hours earlier. They heard 
the clicks. 

Radioactive iron (half-life of 10 years) appears in cows’ milk 
within five minutes after feeding the animals a compound con- 
taining this iron. 

Radio-chemical detection of elements is much more delicate 
than common chemical detection. By chemical means 10 -7 grams 
of arsenic can be detected but as little as 10~ 17 grams of a radio- 
active isotope of arsenic can be detected by its beta radiation. 
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1789 

1896 

1896 

1898 

1909 

1919 

1931 

1934 

1935 
1939 


1940 

1940 

1940 

1942 

1945 

1945 

1946 


EVENTS IN NUCLEAR CHEMISTRY 

Uranium discovered by Klaproth 

Uranium radiations observed by Becqucrel 

Radioactivity studied by the Curies 

Radium discovered by Madame Curie 

Radon change into helium observed by Rutherford 

First artificial disintegration of an element (nitrogen, oxygen) 

caused by Rutherford 
Neutron identified by Chadwick 

Neutrons from light elements by The Curie-Joliots 
Neutrons added to nucleus of uranium by Fermi 
Uranium fission with release of great energy due to neutron 
bombardment brought about by Hahn and Strassman; inter- 
preted by Meitner and confirmed at five research centers 
Atomic bomb research begun in the United States 
Neptunium («Np*») made by MacMillan and Abelson 
Plutonium (mPu 23 *) made by Scaborg, Wahl and Kcnntd> 

First sustaining chain reaction 
duly 16) First atomic bomb exploded at Los Alamos 

(Aug 6) Second atomic bomb exploded at Hiroshima 

g ‘ Elements 95, americium, and 96, curium, made and identified 
bv Scaborg and associates 


The positron is the positive mate of the negative election, he 
same in mass but opposite in charge. Anderson m 1932 secured 
many photographs of fog tracks of positrons thrown out 
cosmi/rays disrupted certain atoms. Later positrons were 

emitted when beryllium was bombarded by alpha P ar “ «- 
Mesons, hitherto known only as resulting from cosmic rays 
were produced in 1948 by cyclotron bombardment, at the 
University of California. Some negative and tome P 051 ^ ^ 
have about 200 times the mass of the electron. They 
millionths of a second and change into energy. 


Exercises 

1. What was the scientific foundation for the atomic bomb effort? 

2. How will we get electric power out of uranium. 

3. What are the chemical properties of plutonium . 

4. How can C» aid botanical research? Medical research. 

5. How did we learn that the neutron had no charge. 

6. Is there any hope that the meson can be put to work. 
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7. How was U 235 separated from U 23 *? 

8. Where do we get the radioactive isotopes used in medical and botanical 
research ? 

9. What are the uses of the Geiger counter? 

10. What do we mean by a “chain reaction”? 
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THE ATMOSPHERE 

The atmosphere is worthy of study. Apparently so light that it 
scarcely impedes our movements, it presses upon us with a weight 
of nearly 14.7 pounds per square inch. The air resting on a single 
acre of earth weighs over 40,001) tons but at 3.6 miles the weight 

is only half as great. , 

High-Altitude Problems. Airplanes 4 miles up find the air 

pressure too low for operation of the motor. Consequently a 

supercharger is employed to feed air at proper pressure into the 

engine. Oxygen cylinders are needed by the pilot. Planes have 

Even at 15,000 feel the air pressure is only about one-half that 
at sea level and pilots put on an oxygen mask attached to a cyl- 
inder of compressed oxygen. The air-Ught cabins i of the new 
superbombers have normal air pressure maintained by pumps. 
At 29,000 feet temperature problems become serious, and e lc - 
trically-heated clothing is required because the temperature fall 

to -44° C. (-47° F.). At 40,000 feet (-67 G.) natural rubber 
becomes almost as brittle as glass and ordinary lubricating 0,1 

stiffens like cold tar. 

Military aviators carry, attached to a trouser leg, a sma cyl- 
inder holding 38 quarts of compressed oxygen. If they bail out 
at a height of seven miles, this oxygen must last or the 10 minutes 
of descent before the parachutist reaches a livable denstty of 

air. 
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Air a Mixture. About 99 per cent of air is composed of two 
gases, oxygen and nitrogen, and the proportions of these vary but 
slightly. Several other substances are present, some in proportions 
that vary considerably. The approximate composition of dry air 
is given below. 


Nitrogen 

Oxygen 

Argon 

Carbon dioxide 


78.00 per cent (volume) 

21.00 
0.933 
0.03 


99.963 


In addition to the four substances named above there are found 
water vapor, helium, neon, krypton, xenon, dust, and sometimes 
ozone, hydrogen sulfide, and oxides of nitrogen in traces. Obvi- 
ously the dust content varies with the wind and other factors, and 
water vapor may be present in excessive amounts in the jungle, or 
nearly lacking over the desert. 

The evidence that these various constituents are present merely 
as a mixture and not as one compound is convincing: 

1. Each constituent of the air retains its own properties irre- 
spective of the presence of the others. The oxygen is just as soluble 
in water as if the nitrogen were missing. 

2. The properties of air are the mean of the properties of its 
components, which is not true of a compound. The density, for 
example, is what might be calculated from such a mixture. 

3. When liquid air evaporates, the more volatile nitrogen tends 
to escape faster than the oxygen. (In pure compounds, water for 
example, the distillate has exactly the same composition as the 
original liquid, unless decomposition occurs.) Therefore air can 
be separated into its constituents by liquefaction and fractional 
distillation. Compounds cannot. 

4. Nitrogen and oxygen can be mixed in the same proportion 
as found in air, without change in temperature or volume, and 
yet produce a mixture like air. Evidently no reaction 00001 * 8 . 

5. The proportions by weight cannot be represented by a 
chemical formula because the constituent gases by weight are 
not found in exact multiples of atomic weights. This alone is a 
clinching argument. 


humidity 
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Exercise 

1. Why doesn’t the oxygen, heavier than nitrogen, settle and the nitrogen rise? 

The Oxygen-Carbon Dioxide Balance. It may seem alarm- 
ing to learn that there are 2450 thousand million tons of carbon 
dioxide in the atmosphere, but this means only three parts in 
10,000 of country air or twice that much in city air. We can ive 
in air containing many times that amount of carbon dioxide. 

This carbon dioxide has its source in the decay and fermenta- 
tion of animal and plant bodies, in volcanic eruptions in the 
respiration of animals, and in the combustion of fuel. Carbon 
dioxide even issues from the earth in some mineral springs. The 
world burns over 1 , 300 , 000,000 tons of coal annually, but even so 
this would have to be kept up 600 years to double the present 
amount of carbon dioxide - if none were removed from the a, 
The average man inhales 17 cubic feet of air per hour and 
exhales 0.6 cubic feet of carbon dioxide, along with the unused 

nlt Hum n idity. Air can take up water vapor until the partial pres- 
sure of the water vapor equals the saturation value o the vapor 
tension of water at that particular temperature. I he humidity is 
then 100 per cent and the air is saturated with moisture. 

Air saturated at 20° has a vapor pressure of 17.4 mm. 

17 4 

total pressure of the air is 750 mm., then 75u o or about 2.3 per 

cent of it is due to water vapor. In other words, about <2.33 per 

cent of the air under those conditions ,s water vapor. Of course 

each constituent gas occupies the enliic so umc. 

~ . ... r ...... .-r in 650 cubic meters ol air saturated at 

2. What would be the weight of . . Vanor Ten- 

. r.i... t; \1 V and consult table on vapor icn 

25° C.? Remember the use of the O. M. v. a., 
sion in the Appendix. 

On cooling this air to 10° the vapor pressure becomes only 
9.18 mm. The difference between this and the amount held at 

20° is precipitated as dew, fog, or rain. 

If however, air saturated at 10° is warmed to 20 it s no 
longer saturated (that is, if it is not in actual contact with a body 
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of water). Its vapor pressure is still only 9.18 mm., while air at 
20° is capable of holding nearly twice as much moisture. The 

9.18 

humidity is not 100 per cent, but ’ or 52.5 per cent. 

A crystal will deliquesce in an atmosphere with a higher rela- 
tive humidity than that present in a closed space about a satu- 
rated solution of that crystalline substance. Indicator crystals, 
small pinhead fragments, in air barely above such a limiting 
relative humidity will require an hour or two to show a wet 
margin when viewed under a low-power microscope but in air 
of relative humidity only a few per cent higher will deliquesce 
to give a pool in a few minutes. 

In Chemical Industry, 58, 162 (1939) a reference table for such 
experiments is given in full: 

RELATIVE HUMIDITY ABOVE SATURATED SOLUTIONS 

Closed Space at 20° 


Potassium Acetate 

• 20% 

Sodium Chloride 

75% 

Magnesium Chloride. . 

. 33% 

Ammonium Chloride. . . 

79.2% 

Potassium Nitrate 

• 45% 

Potassium Bromide. . . . 

84% 

Ammonium Nitrate. . . 

63% 

Potassium Chromate . . . 

88% 

Sodium Nitrate 

• 66% 

Sodium Sulfate 

93% 


Nature’s Balance. We might look into the future with the fear 
that robbing the atmosphere of oxygen and pouring carbon diox- 
ide into it will finally make this globe uninhabitable. But for- 
tunately nature maintains a beautiful balance. In utilizing the 
carbon dioxide plants keep the carbon and return the oxygen to 
the air. 

But this is not the only safeguard. Carbon dioxide is soluble in 
water, so the quantity in the ocean is vastly greater than that in 
the atmosphere. Shell-fish take up immense amounts for their 
shells (calcium carbonate). 

Dust. Very dirty air contains as much as 500,000,000 dust 
particles per cubic foot and even safe air carries 250,000 particles. 

The dust falling on a square mile of Cleveland or a similar city 
in a year may total over 1000 tons. Unfortunately this dust is 
accompanied by a rain of sulfuric acid (many tons per square 
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mile) due to air oxidation of the sulfur dioxide from burning coal. 
The attack of this acid on buildings and trees is appalling. 

“Laundered” air is required in many factories and electrostatic 
dust removers will probably become common in homes. 

Air Conditioning. It is agreed now that the humidity of the 
air next the skin is an important factor in ventilation. The tem- 
perature of the human body is regulated to 98.6 F. by the 
evaporation of perspiration. Evaporation of 14 g. of water cools 
an average man more than 0.1° C. (or loss of half an ounce lowers 
the temperature about 0.2° F.). The evaporation of one quart 
removes 500 Calorics. Nature regulates the evaporation to suit 
our needs. The layer of air in contact with the skin quickly 
becomes saturated and evaporation is checked unless fresh dry 
air replaces this layer. Such replacement is effected by gentle air 
currents set up in our efforts to introduce outdoor air. Even a fan 
stirring the same old air produces greater comfort. The bes 
practice today calls for blowing the fresh air through a spray o 
water to wash out dust and introduce enough (but not too much) 
moisture. In removing most of the dust the bacteria are also 
largely removed. The most comfortable humidity of a,r ,s rum 
50 to 60 per cent. However, in winter it is almost impossible to 

maintain this condition in our houses. . 

Air conditioning now means bringing the air of rain ““ r ’ 
home, or elsewhere to the temperature and relative humid ty 
found most stimulating. During a hot and humid day the a - 
conditioning apparatus for a room 36 X 42 X 15 feet will con- 
dense 27.5 gallons of water in 12 houis. 

The deepest gold -nine in the world, MJOfc*. « 

further operation possible, for the ore is very rich. 

Liquid Air. The liquefaction of air is an industry of consider- 
able hnportance because it is the first step in securing oxygen and 
nitrogen for other industries. To liquefy the a,r it - first fixed 
from carbon dioxide by washing with watci an pa . e> 
lime. The air is then subjected to high pressure, and the heat of 
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compressing it to 200 atmospheres is removed by cooling with 
running water. Under such high pressure and slightly lowered 


Air from Jacket 


Water 




Cooled Air to Liquefying! ICoil D 


Power 


Pump 


Cold Water 
to Cool the 
Air in Coil C 






ll 


W.VryrlX 

On Return Stroke. A Closes and B Opens 
Compression About 3000 lb. to sq. in. 




I 


Insulation 


m 


Expanding 
Air to Jacket 




Fig. 111. Air-liquefying apparatus. 


temperature the moisture in the gas is condensed. The last traces 
of water and carbon dioxide are absorbed by sodium hydroxide. 
The hquefier proper (Fig. 1 1 1) is nothing but a coil of very small 

copper tube with a valve to control the flow of 
a ^ r * The coil is contained in a metal jacket 
which is heat-insulated with wool. On opening 
the valve the compressed air expands as it es- 
capes. This cools it somewhat. It is then made 
to travel back through the jacket, thus further 
cooling the air in the copper tube. After a few 
minutes this progressive cooling produces a 
steady stream of liquid air. 

The earlier Linde air-liquefaction machine 

Fi 112 Dewar pressures as hi S h as 200 times that of the 

bufb, the first thet- atrr *osphere. Kapitza, the Russian physicist, se- 
mos bottle. cured greater cooling by allowing the expanding 

gas to drive a turbine (doing work removes 
heat faster) and is able to operate at an initial pressure of five 
atmospheres. 








ARGON 

To keep the air liquid, use is made of a device invented by 
Dewar (Fig. 1 12). He made a double-walled flask and evacuated 
the space between the two walls, because a vacuum is a very 
poor conductor of heat. The inside walls were silvered also to 
reflect radiant heat. A cork stopper, loosely fltting, aided in heat 
insulation. Dewar, in 1892, found such flasks kept liquid air a 
surprising length of time. We use similar containers, to keep 
liquids hot or cold, under such names as “Thermos” bottles. 

Read the splendid chapter on liquefaction of gases in the E K ydop a ,d,a 
Britannica. 

3. Why remove earbon dioxide and water vapor before liquefying air? 


THE ARGON FAMILY 

Argon. The fulfillment of prophecy is not confined to the 
Scriptures. Chemistry offers many examples. Back in 1785 
Cavendish passed electric sparks through air, making the oxygen 
and nitrogen unite to form oxides of nitrogen, which he remot ed 
by reaction with a base. Excess oxygen was added to i provide 
enough for all the nitrogen. Yet after removal of a ‘ hc 
Cavendish could think of there was a little gas left, nearly 
one per cent of the original volume. His partial discovery lay 
unused for over a century, ye. it was really a sort of prediction 

that a new gas would some day be found in the air 

In 1895 the English physicist, Lord Rayleigh, observed that 
apparently pure nitrogen made by removing everything dse 
from air (as by Cavendish’s method) was distinctly heavier than 

the unquestionably pure nitrogen made by decomposing ammo- 

Y .. It1 f., rf i K . observed that one liter ol nitiogen as 
mum nitrite, in i<ici nt . . r 

mum nun c i tcr of nitrogen lrom 

prepared from air weighed 1 .zd /z g. w 1,1 . • t 

ammonium nitrite weighed 1.2506 g Calling in the ch m t 
■Sir William Ramsay, to help, Rayleigh proceeded to pass^the 

“atmospheric” nitrogen °7[|“Y,XnVd- same residue 
nitrogen Thcv found a gas leit over, eviuem.y 

that puzzled Cavendish, for its volume was nearly one per cent of 

the original volume of air. Because it was chemicafly nert hey 

named the new element with the Greek word for lazy, argon. 
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Ramsay used liquid air as a source of argon and found the last 
portions on evaporation rich in argon. This gas makes up 0.933 
per cent of the air by volume. Millions of tungsten lamps are now 

filled with argon because by the use of this gas greater brilliance 
and longer life can be secured. 

Read Rayleigh’s own story of “Argon” in the Encyclopaedia Britannica. 

Helium. The American chemist Hillebrand made the chance 
observation in 1889 that the uranium mineral, uramni/e , on treat- 
ment with acids released a rather inactive gas (which he sup- 
posed was nitrogen). Years later Ramsay, in search of new 
sources of two rare gases, repeated Hillebrand’s experiment, using 
the mineral deveite, and secured a very inert gas different from 
any element then known. He found its spectrum identical with 
that of an element observed in the sun by Lockyer and Janssen 
during the solar eclipse of 1 868. Soon afterward Ramsay isolated 

helium from the more volatile fractions of liquid air. Helium is 
so inactive that it has no compounds. 

Caisson disease or “die bends” occurs when a worker comes too rapidly 

from high pressure to ordinary atmospheric pressure. Gas bubbles of escaping 

nitrogen affect the capillaries and the blood vessels of the brain. Since helium 

is less solub e in the blood it is safer to reduce pressure in steps with an atmos- 
phcrc of helium and oxygen. 


^ he United States is fortunate in owning the most workable 

sources of helium. The Petrolia natural gas of Texas contains 

1 per cent helium. A well in New Mexico yielded natural gas 
containing 7 per cent. 


Unitcd States helium plants reached a capacity of 

f snnnnn 00 k-'T fCCt PCr >ear ' A modern airship could require 
6,500,000 cubic feet for a filling and there is a constant loss by 
diffusion. 7 


Large quantities of helium are used in dirigible balloons or 
blimps; to provide an inert atmosphere while welding magne- 
sium; for decompression as divers return to the surface; and for 
some medical purposes. An atmosphere of oxygen and helium 
(instead of the heavier nitrogen) is easier to breathe than air. 
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(About 5 per cent of carbon dioxide stimulates breathing during 
resuscitation from shock or drowning.) An isotope of helium of 
mass 3 was concentrated from ordinary helium in 1948. 

Neon, Krypton, and Xenon. After the discovery of argon and 
helium it was apparent that there must be three or four unknown 
elements in the same family in order to round out the Periodic 
Table With this fact as incentive Ramsay carefully fractionated 
liquid air and obtained neon (Ne), krypton (Kr), and xenon (Xe) 
These “rare gases” — and they are truly rare, since only traces 
are found in the atmosphere — are quite inactive, like argon and 
helium. Neon conducts electricity seventy-five times as well as air. 



Fig. 113- A simple vacuum discharge tube. 


The Air-Separation Industry. To secure one pound of neon 44 ons of 
liquid air are required; 725 tons of air yield one pound of hehum, 173 tom 
yield one pound of krypton, and 1208 tons yield one pound of xenon. 


COMPOSITION OF ATMOSPHERE 


Nitrogen 

Oxygen 

Argon 

Hydrogen 

Neon 

Helium 

Krypton 

Xenon 


Bv volume 

78.03% 

20.99% 

0.94% 

1 part in 10,000 (?) 

1 part in 65,000 
1 part in 200,000 
1 part in 1,000,000 
1 part in 1 1 ,000,000 


Substitution of argon, 1,000,000 cubtc fee. yearly, for the for 
merly-used nitrogen of our electric lamps saves us SI 2 W00 
annually yet if krypton and xenon from the air were subs., toted 
in these iamps a further saving of 5200,000,000 would be made^ 
Argon lamps actually contain 86 per cent argon and 14 per cent 
nitrogen at a total pressure of onc-th.rd of an atmosphere. 

i . nilrrl with neon (at low pressure), the blue 
The red luminous sign tu . c - n an ambcr tube produces green, 

with argon and mercury. 1 ms m h lin 9nnn _ i,;„» lcr 

Transformers ranc the voltage for such lamps from 110 to 2000 or lugher. 
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Ordinary neon is a mixture of isotopes (of masses 20 and 22) averaging 20.2 
in weight since the lighter isotope is present in the larger amount (9 : I). 

“Heavy neon,” 99 per cent pure, has been separated from its lighter isotope 
by utilizing the difference in rates of diffusion through porous solids. 

Exercises 

4. Why don’t we gradually use up all the oxygen of the air and replace it 
with carbon dioxide? 

5. Why is helium a valuable material resource? How do we know it is found 
in the sun? 

6. If you passed steam and air over hot carbon, could you manage to get a 

mixture of nitrogen and hydrogen in the right proportion for ammonia 
synthesis? 

7. With a relative humidity of 77 per cent at 20° how many kilograms of 
water vapor are contained in a room 40 X 32 X 20 feet? 

8. Why not fill our tungsten electric light bulbs with krypton since it is more 
efficient than argon for this purpose? 

9. Why must water vapor and carbon dioxide be removed in an early stage 
of the separation of helium from natural gas? 

10. What arc the possible methods of removing excessive moisture from air 
in the process of “air conditioning”? 

1 1. If the atmosphere were suddenly liquefied, how deep a layer would cover 

the earth? Atmospheric pressure is about 15 pounds per square inch and 

the density of liquid air is 0.92 g./ ml. Find the metric conversion table 
in Appendix. 
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NITROGEN AND 
AMMONIA 


NITROGEN 

History of Nitrogen. Because of its comparative inertness, 
nitrogen was one of the least interesting of elements in the free 
state until a generation ago. Now it is eagerly sought after by 
basic industries of war and peace. Rutherford, the Edinburgh 
botanist, discovered the element in 1772, but ,t was not really 

considered an element until Lavoisier studio it. 

Occurrence. Nitrogen is “as free as air, since it makes up 
four-fifths of the atmosphere. Pure nitrogen flows from a wel 
drilled in Wyoming, probably as a residue from the reaction o 
air oxygen with materials deep in the earth. 1 he nitrogen cs ng 
on every square foot of ground weighs almost a ton, while that 
resting on a square mile weighs 20,000,000 tons, enough, >f con- 
verted into all the combined forms desired, to meet the wo, Id 

needs for 12 years. . • » c 

A small amount is found in the air as ammonia and as oxides 

of nitrogen but these arc washed into the sod by rams. ^ 

Deposits of potassium nitrate (KNO3), or ‘ saltpeter are 

found, but are not of much consequence although m 928 a lag 

deposit was discovered in central Australia. Sodium mtratc 

(NaNO,), or Chile saltpeter, is one of the most important sources 

of nitrogen compounds. In the rainless district of northern Ch.l 

there is a strip two miles wide by two hundred long and live fee 

thick that is rich in sodium nitrate. A little of the potassium sah 

occurs there also. By mixing solutions of sodium nitrate and 
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• 

potassium chloride, and manipulating the concentration and 
temperature, a supply of potassium nitrate more than adequate 
for the world’s gunpowder needs is secured : 

NaNO s + KC1 <=► NaCl + KN0 3 

This enormous deposit of sodium nitrate is also used exten- 
sively in the manufacture of nitric acid and fertilizers, so it has 
gieat economic significance. Since the discovery of the deposit in 
1809, over 55,000,000 tons have been mined. Sales are now 

depressed by the success of the Haber process of making syn- 
thetic ammonia. 

Since plants and animals eventually decay, their nitrogenous 
material is all-important in enriching the soil. 

About 0.4 per cent of natural nitrogen is the heavy isotope, N 1S . 

Preparation. To prepare nitrogen it is a simple matter to pass 
dry air over hot copper, to remove the oxygen, forming copper 
oxide. If this oxide is reduced to the metal by a stream of hot 
hydrogen it is ready for use again. The remaining nitrogen is not 
quite pure, since it contains argon, carbon dioxide, etc. 

The most important commercial source of nitrogen is now 
liquid air. \\ hen this modern product is allowed to evaporate, the 
more volatile nitrogen escapes first and is used chiefly in the 
manufacture of ammonia. It is fortunate for the cost of the process 
that there is a large demand for the oxvgen as well 

Ammonium nitrite is an excellent laboratory source of pure 

mtiogcn, although too expensive for commercial use. This salt is 
unstable, so it must be prepared when needed. 

A solution Of sodium nitrite is run steadily into a gently heated 
solution of ammonium chloride* 


NH,C1 + Na NO, 
NHJVOo 


NaCl + NH 4 N0 2 

2 HsO + No 


Since all four substances of the first equation are soluble, this is a 
reversible reaction, but when the mixture is heated the equilib- 
rium is disturbed to the right since gentle heating decomposes the 
ammonium nitrite. 
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Exercise 

1. If 200 g. of copper oxide were reduced by hot ammonia gas, how many 
liters of nitrogen would be obtained? How many liters of ammonia would 
be required? 


Physical Properties. Nitrogen is a colorless, odorless, tasteless 
gas, only slightly soluble in water. One liter weighs 1.2507 g., 
therefore nitrogen is a little lighter than air. At its critical tem- 
perature, - 146°, it is liquefied by a critical pressure of 33 atmos- 
pheres. The liquid boils at -195.7° and freezes at -210.5°. 


2. What two influences prevent all of the heavier oxygen of the air from 
settling to the surface of the earth, while the lighter nitrogen rises to great 
heights? There really is a certain amount of gravity separation. Why doesn t 
the heavy ozone of great heights settle to the ground? 


“Ice” of frozen nitrogen glows with a brilliant greenish-yellow 

light under bombardment by cathode rays. 

Chemical Properties. Nitrogen is found free in the atmos- 
phere because it is so inactive. However, it combines with oxygen 
at the verv high temperature of the electric arc or spark and with 
several other elements when strongly heated. With magnesium, 
aluminum, calcium, silicon, titanium, lithium, boron, and some 
other elements it forms nitrides of some interest as possible sources 

of ammonia by addition of water: 

3 Mg H- No — > Mg 3 N 2 
Mg.,N 2 + 6 H?0 -> 3 Mg(OH), + 2 NH, 

Hot calcium carbide unites with nitrogen to form calcium 
cyanamide, CaONV The union of nitrogen with hydrogen under 
the stimulus of a catalyst will be discussed in the ammonia section. 

(Haber Process.) 

3. The G. M. V. of nitrogen weighs 28 g. Whal is the formula of the gas? 


The composition of ammonia can be redetermined in the labo- 
ratory very easily by passing the gas (dried by soda-lime) over 
heated copper oxide (wire form preferred), collecting the water 
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formed in a weighed tube of soda -lime and collecting the free 
nitrogen over diluted acid : 

3 CuO + 2 NH 3 -^3 Cu + N 2 + 3 H 2 0 

The slight reactivity of nitrogen probably is due to the unusu- 
ally high heat of dissociation of N 2 . 

“Active nitrogen,” prepared by a high-voltage discharge 
through ordinary nitrogen, combines readily with sulfur, unlike 
common N 2 . Doubtless the electric energy absorbed dissociates 
the molecule into atoms and forces some electrons farther out 
from the nucleus into higher energy levels. 

Among the reactions of nitrogen (in some instances requiring 
the aid of catalysts, great pressure, or high temperatures) are 

(1) No -+- 0 2 — » 2 NO 

(2) No -b 3 H 2 -> 2 NH 3 

(3) N 2 -f- 3 Mg — > Mg 3 N » 

( 4 ) No + CaC 2 — > CaCN 2 + C 

(5) N 2 + A1 2 0 3 + 3 C->3 CO + 2 AIN 

(6) N 2 + Na 2 C0 3 + 4C-^3 CO + 2 NaCN 

The interesting product of (4) is calcium cyanamide; of (6) is 
sodium cyanide. 



Nitrogen 


Fig. 114. The cycle of nitrogen in nature. 

The Cycle of Nitrogen in Nature. Nitrogen is essential to 
plant life and hence to animal life (Fig. 114). Atmospheric nitro- 
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gen is seized by bacteria growing on the roots of clover, alfalfa, 
and the other legumes and converted into protein compounds 
and nitrates. When the clover is plowed under, its protein be- 
comes a rich asset in the soil, subject to further improvement, of 
course, by the nitrifying bacteria. Succeeding crops of gram 
utilize the nitrates, animals eat the grain, and ultimately atmos- 
pheric nitrogen has become the protein of lean meat (muscle). 
Truly a wonderful magic ! When plants or animals decay, some 
nitrogen is returned to the air and the cycle begins again. 


AMMONIA 

Ammonia has risen steadily in our esteem. Once of interest 
mainly as the pungent feature of a liniment , .t later -became im- 
portant in the preparation of fertilizers, and during World War I 
rose to the rank of a military necessity. The fate of great nations 
hung upon their ability to produce more and more ammonia 
from which they might make nitric acid for explores. Now it 

dominates the future of agriculture as well. 

Priestley (1774) was the first to prepare ammonia, collecting 
over mercury. However, it was left to Bcr.ho.lct to determine its 

true composition (1785). Faraday liquefied the gas ,n I*- 3 - 
Traces occur in the atmosphere, but there arc no earth 

deposits of ammonia or its derivatives. On heating =- ™ 
plant substance containing combined nitrogen, ammonia 

always is formed. Manure piles liberate ammonia. 

4. What was the original source of the nitrogen in coal? 

Preparation in the Laboratory. The gas is conveniently pre- 
pared^ the laboratory by warming a dry ammonium saUj.t 
Bme or any other base. Since it is lighter than a.r, ammonia s 
collected by downward displacement of air <«hy not 
place water?) : 

NH 4 C1 + NaOH — > NaCl + NH .OH 
NH 4 OH — > H .O + NHa 

1 1 vi,. imh OH) breaks down, when 

The ammonium hydroxide (NH.OM) or d 

heated, into the gas and water. In fact warming a concentrated 
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solution of ammonium hydroxide is often found a most conven- 
ient method of securing the gas. A so-called solution of NH.OH 
actually contains much dissolved NH 3 . 

For years Scotland has distilled her oil shales to get the oil As 

a by-product enough ammonia is produced to form 42 pounds of 

ammonium sulfate per ton of shale. American oil-shale deposits 
are enormous. ^ 

Nitrides react with water to form ammonia: 

MgaN* -I- 6 H 2 0 — >• 3 Mg(OH) 2 + 2 NH 3 
With hcav V water, heavy ammonia (ammonia-4) is formed: 

Mg 3 No -b 6 D 2 0 — > 3 Mg(OD) 2 -f- 2 ND 3 

If t^hvd” hydr0gen reduces nitri,es and nitrates to ammonia. 
If the hydrogen is prepared from zinc or aluminum and a base 

the ammoma escapes; but if the hydrogen is prepared from zinc 

sah How ’ ‘w anim ° nia nCUtraiizes Ae excess acid, forming a 
salt. How could you prove this? 5 

Most protein material, when boiled with concentrated sulfuric 
acid, is decomposed with the formation of ammonia or r a7h"r 

“X,t Ul r Th ' S " ‘ hC f ° Undati0 " a famous method ^ 

mined? COUld thC am ° Unt of ammonia be deter- 

Preparation f rom Co a l. Soft coal contains one per cent or a 
d ,i™ rC ’ ° f nUr °« e n- About one-fifth of this is recovered on 
:: ™ n ' a -. m * xc d gas of distillation is passed 
purities 1 Later Tim ' m a™*™ thC an “a and some fin- 
is paTed Throu ‘rThr ‘° amm ° nia r and steam 

neutralized with sulfuricTcuToTorm T" driVCn ** ^ 

P - i If> >CarS ago coke was made in beehive coke ovens 

oveT^pTcerTtr"" °' her 83SCS “> — °-he al Now 
with recovery ~~ 
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Synthetic Ammonia. By far the larger part of all commercial 
ammonia is prepared by the catalyzed high-pressure, high-tem- 
perature union of nitrogen and hydrogen: 

No + 3H 2 — 2NH 3 

This process (Haber) and its vital importance to the world are 
discussed under Nitrogen Fixation in the next chapter. 

Physical Properties. Ammonia is a coloi less, pungent gas 
about one-half as heavy as air. One liter weighs 0.7708 g. Its 
critical temperature is 133° and critical pressure 1 12 atmospheres. 
At 20° one volume of water absorbs 700 volumes of ammonia at 
760 mm. pressure. The gas is also quite soluble in alcohol and in 
ether. At 10° it can be liquefied with a pressure of only 8.5 atmos- 
pheres. Its heat of evaporation is higher than that ot any other 
known liquid except water. The concentrated solution in water 
has a density of 0.9 and contains about 28 per cent of the gas. 

The very great solubility of ammonia in water may be shown by the experi- 
ment represented in Fig. 79. The Mask is filled with dry ammonia and a few 
drops of water are then forced into the Mask by air pressure (breath). I he 
ammonia dissolves in these few drops, thus greatly decreasing the pressure of 
gas in the Mask. Consequently water from tin- bottle is forced up the tube like 
a fountain. Could you do this with hydrogen chloride? 

Chemical Properties. Long-continued breathing of air con- 
taining as little as one per cent of ammonia produces serious 
results. The gas may be burned in air by the use of a special 
device In the presence of catalysts such as platinum ammonia 
reacts with oxygen to form oxides of nitrogen and water, hence 

nitric acid. . , 

Ammonia burns with difficulty and yet in 1943 anhydrous 

liquid ammonia was used as a fuel for motor busses in Lurope. 

Some ignition promotor had to be used. 

Ammonia will steal oxygen even from metallic oxides. Its 

ability to reduce hot copper oxide has been mentioned: 

3 CuO + 2 NH 3 -> 3 Cu + 3 11,0 + N 2 

Ammonia reacts directly with some hot metals to form nitrides 
such as Mg 3 N 2 . It is actually used to harden the surlacc ol steel 

by the formation of an iron nitride. 
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With sodium and potassium, ammonia reacts, when heated, to 
form amides. Sodamide is formed in this way: 

2Na + 2 NH 3 2 NaNH 2 + H 2 

Sodamide is much used in one of the syntheses of indigo. 

Acids react with the gas to form ammonium salts, but only in 
the presence of at least a trace of water: 

NH 3 + HC1 -> NH<C1 

One of the most important reactions of ammonia is with water 
to torm ammonium hydroxide i 

NH a + H .O <=> NH 4 OH 

One might expect the reaction between ammonia and carbon 

V° yleld " nly amm °nium carbonate, but as a matter of 
fact ordinary solid ammonium carbonate is really a mixture with 
ammonium carbamate, NH, C0 2 NH 2 : 

2 NH 3 -f CO 2 — > NH4CO2NH2 

water. th ‘ S Salt ,S hCa * Cd '* deCOmposcs into urca > CO(NH 2 )., and 

In terms of the modern theory the NH, molecule may be said 
to accept a proton from a water molecule : ^ 

NH 4 + + OH- 
H 


NH 3 + HOH 

T r t + 1 


H 

H : N : H 
• • 

H 


+ 


H 

H:N: + H + h 
• • 

M 

fortT CaO 8 \H “T Sa “ S ' With chloride it 

101 ms C_.aC.lo 8 i\H 3 , hence the gas must be dried over solid 
sodium hydroxide or some other dry base. 

5. Why not dry ammonia by bubbling through concentrated sulfuric acid? 

restubles war"" 10 '” 3 35 * SO ‘ VCn ‘ f ° r acids > bases and salts, 

be carr cd on M ""T rCSpCC,S ' Many or S a ™ factions may 
_ , , ,. . . us solvcnL 1 hc sodium and calcium groups of 

metals d.ssolve m it, with striking colors. Under such conditions 
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sodium and potassium can reduce silver chloride and cyanide to 
metallic silver. 

AgCN + K — > Ag + KCN 

The good electrical conductivity of such solutions indicates 
that the metal is dissociated into metal ions and electrons. 

In concentrated solutions the electrons are relatively free but 
on dilution electrons become associated with solvent molecules. 

Ammonia can be cracked into its elements by heating in con- 
tact with the very catalysts used in its synthesis, proving that both 
reactions can be in equilibrium: 

2 NH 3 PtN. + 3 H, 


The cracking is 99.8 per cent complete at 500°. Cylinders of com- 
pressed ammonia are sold for such cracking when hydrogen is 
needed on a small commercial scale and when the accompanying 
nitrogen would do no harm. 

Uses. Ammonia is the raw material for the Ostwald process 
of making nitric acid. It is combined with acids to make am- 
monium salts used in enormous quantities for fertilizers. Its salts 
are used in soldering, galvanizing, in dry batteries; and the gas 

itself is the chief refrigerant in commercial use. 

In the modern ice plant ammonia liquefied under pressure and 
cooled by city water is allowed to expand through a coil of metal 
pipe (Fig. 115). The evaporation of the liquid ammonia and ex- 
pansion of the gas reduce the temperature of a brine, surrounding 
the coils, below the freezing point of pure water. A concentrated 
solution of calcium chloride is the usual brine, because it freezes 
several degrees lower than pure water. Cans of water are im- 
mersed in the brine and their contents frozen to ice. It is a simple 
matter to lift out the cans and empty them. In cold-storage houses 
the rooms are chilled by pipes containing the circulating brine, 

and no ice need be made. 

Household refrigerators which compress gases by electric 
power use either sulfur dioxide or Freon (CCUFJ but refrigera- 
tors to be used on submarines must ust 1 iron. 
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“When water is boiled by means of the heat from a flame, it is generally 
thought of as a heating process from the standpoint of water. It may be re- 
garded, however, as a cooling process with respect to the fire. The hot products 
of combustion, passing around the vessel of boiling water, are cooled. If another 
liquid boiling at a lower temperature is used in the vessel, a fire may not be 
necessary to cause boiling, as the heat in surrounding objects may be sufficient 
to cause the boiling. This is especially true if the boiling point is very low, as 
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Fig. 115. Refrigeration with NH,. 

with anhydrous ammonia which has a boilin* point of -28° F. If this liquid 

' tntsTl m a " ?'; Cn , SH ; " f" absUr,> h ™‘ { ™ m -surrounding object and the 
atmosphere and bo.l vtolen.lv. The outside of the vessel will become heavily 

of ,h< ,» r B r. C °e , Cn ^ ! r0m U,c air as » "*•>« of the low te.npera.ure 
se walls. F. L. Kallam, Chem. Met. Eng., 41, 192 (1934). 

At 20° C. the pressure required to liquefy sulfur dioxide is 
46 pounds per square inch; to liquefy ammonia. 120 pounds; and 
to liquefy carbon dioxide, 830 pounds. 


SOURCES 

fixation of air nitrogen 
^ (N 2 + 3 H,> - 2 NH 3 ) 
Coke oven 
Ammonium salts 


products 

NHj, refrigerant 
NH 4 OH, a base 
N ri 4 CI, for dry cells 
(NH 4 ) 2 S0 4 , fertilizer 
NH,N0 3> explosives 
HN0 3> explosives and 
nitration in general 
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6. The heat of fusion of water is 79 calorics, while the heat of evaporation of 
ammonia is 258 calories. How many "rains of liquid ammonia must be 
allowed to expand to a gas in order to freeze 8 kg. of water? 


Ammonium Hydroxide. Ammonia not only dissolves Ireely 
in water, but to some extent reacts with water forming the \er\ 
weak base, ammonium hydroxide. I he equilibrium reactions are 

given : 

NH 3 + HoO ^ NHjOH ^ NH 4 + + OH“ 


Ammonium hydroxide is so unstable that its solutions contain 
much dissolved NH 3 . 

Ammonium Salts. Ammonium sul/ale, formed by addition of 
ammonia water to sulfuric acid, is the salt usually used as a fer- 
tilizer. The United States made 900.000 tons in a recent year. 

Ammonium chloride is uselul in soldering and galvanizing. It 
dissociates, when heated, into ammonia and hydrogen chloride, 
which reunite, when cool, with the appearance of a smoke - 

solid particles of ammonium chloride. 

Ammonium nitrate has been used in enormous quantities in 
modern warfare as an explosive or in explosive mixtures. In a 
normal year this country makes 500,000,000 pounds. 

When mixed with dynamite, ammonium nitrate can explode 
with tremendous force, yielding nitrogen, oxygen, and water 
vapor greatly expanded by the high temperature obtained. 

All ammonium salts decompose on healing, but they do not 
all release ammonia. However, any ammonium salt heated with 
a base releases ammonia, which can be recognized by smell or by 
its effect on wet red litmus paper. It is the only common volatile 

base: 

(1) 

( 2 ) 


NH iCl 4- NaOH — > NaCI + NH ,OH 
NH .OH — > NH 3 + H,.0 


Complex Ammonia Compounds. Many insoluble silver com- 
pounds dissolve in “ammonia water." Silver chloride may be 

used as an illustration: 

AgCI + 2 Nil, -< Ag(NHa)iCl s=* Ag(NH,) s + + Cl' 
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On ionization the ammonia goes with the silver and in electrolysis 
is released at the cathode. Adding ammonium hydroxide to a 
copper salt solution first precipitates copper hydroxide or, rather, 
a basic copper salt. An excess of ammonium hydroxide dissolves 
this, yielding a beautiful azure-blue solution. With copper sul- 
fate the product is Cu(NH 3 ) 4 S0 4 and with copper chloride 
Cu(NH 3 ) 4 C1 2 . All these complex salts contain the Cu(NH 3 ) 4 ++ 
ion. The formation of the peculiar blue color, quite different from 
the blue of Cu + ^ ion, is a test for copper compounds. 



H 


H 

: N : 

H 

H 


H 

H : N 
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represents the azure-blue cupri- 
ammonia ion. The copper and all 
the nitrogen atoms have completed 
an octet outer layer of electrons. 


Compounds Related to Ammonia. Hydroxylamine, 

NH.OH, resembles ammonia in a number of properties. It is a 
strong reducing agent and forms salts with acids. 


Urea, CO(NH 2 ) 2 , useful in making one type of plastics and as 
a feitilizcr, is easily prepared by reaction between carbon dioxide 
and ammonia 


CO,. + 2 NH 3 CO(NH s ), + H 2 0 

Hydrazoic acid, HN 3 , is a very explosive liquid compound as 
are its salts, the azides. Lead azide is used, like mercury ful- 
minate, in detonating caps. At 190° 


N,0 -f- NaNH-. — > XaIV 3 -f- H,.0 

Hydrazine hydrate, NHo-NH.., a derivative of ammonia, was 
used by Germany in the propellent mixture of certain rockets. 

2 NIL + NaOCl NH . NHo + NaCl + H >0 

Reaction between high strength hydrogen peroxide and calcium 
pei manganate, releasing oxygen, furnished heat to generate 
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steam to drive a turbine which pumped hydrogen peroxide into 
a solution of hydrazine hydrate in methyl alcohol, the fuel. 

It will be noted that both NH 2 NH 2 -H 2 0 and CH 3 OH are 
oxidized by oxygen from the 85 per cent H 2 0 2 . 

Exercises 

7. What weight of ammonium chloride must be used in thepreparauon of 
the ammonia necessary for 8 liters of 2.5 N ammomum hydroxtde 
8 If 18 g of magnesium nitride are treated with hut water, w hat we.ght of 
' ammonia will be obtained? If tins ammonia is made up to aOO ml., wha 
will he the normality? How many ml. of 0.25 N hydrochlonc aetd wtll 

take to neutralize 25 ml.? 

9. Of what industrial importance are the rare «ascs? 

10 If you were denied the use of a liquid-air apparatus but were permuted 

“ ku- ^ppiy 

to ammonia by the Maher process? Disregard the 

argon in air. rcC oei»izcd it as a substance but failed 

11 Prirstlcv first made ammonia and rc u . . * 

11. rricstlcy lirsi in could vou ,,rove that it is a compound 

How determine their proportions and therefore 

a simplified formula? 
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Chapter ji nitrogen fixation 

AND PLANT FOOD 


1800 


1860 


The real conquest of the air” was not made by the inventors of 
airplanes and dirigible airships, but by the chemist. Before the 
end of the last century a world wheat famine was predicted by 

eminent scientists because of 
the probable early exhaustion 
of the sodium nitrate beds of 
Chile. The population of the 
world doubled between 1800 
and 1900 and the rate of in- 
crease is still alarming. The 
chemist has driven off, for a 
long time to come, the specter 
of world starvation with its ac- 
companying chaos, warfare, 
and human misery. His con- 
quest of the air was the fixa- 
tion of atmospheric nitrogen into 
compounds available as plant 
food or otherwise useful to man- 
kind. He succeeded; not by a 
single method, but by three 
or four triumphs. 


1900 


1919 


1929 


MHM 

HMMfl 

MMMtH 


Population Gro^ 

Fig. 116. Growth of world population 

1800 to 1929. 


— S'=,“ » = 

352 , 


353 


THE CLAUDE-HABER PROCESS 

Fixation of Nitrogen by the Arc Process. The first chemical 
conquest of the air was by the arc process, now obsolete. It is 

discussed briefly on page 362. 

The Cyanamide Process. In 1895 the German chemists, Caro 
and Frank, reacted nitrogen from the air with calcium carbide , n an 
electric furnace, forming calcium cyanam.de (CaCAT,), .a useful er 
tilizer and a source of ammonia. It was not until 1906 lionet er. 
that commercial plants were built (in Germany and Italy). 


CaC> T N > 
CaCN 2 T 3 H s O 


CaCNs + C 
CaCOs + 2 NH.3 


The cyanamide process of nitrogen fixation has lost, probably 
forever, its leading place. Curiously enough ,t reached Us world- 

record production in 1936-37. 

THE DIRECT SYNTHESIS OF AMMONIA 

The Claude-Haber Process. The process of making ammonia 
by direct union of the elements was firs, made a commeraal suc- 
cess by Haber in Germany (1913). This was, perhapslh g. ea.est 

triumph of chemical engineering, and Germany may ujl be 
proud of Haber. Without his process, she could not have con 
finued World War I a year for lack of high exposivos Am- 
monia -i nitric acid -> explosives was the order of vH' 

other sources of ammonia, though great, were inadequate . W th- 
out control of the sea. the usual importation of sod urn in. u-ate 
from Chile was impossible. So a scarcity ol nunc acid would ha 

been inevitable but for the brilliant Haber , , 

Haber developed the reaction between nitrogen and hydrogen. 

Ns + 3 Hs 5=i 2 NHj 

At ordinary temperatures their union to form ammonia it iso slow 

as to be imperceptible, while at high temperatures the ammoma 
as to be impcrccptn 700 ° „ is almost completely 

is decomposed rapidly, in tact a , . . ... 

decomposed. Obviously a moderate temperature . 

even so, the yield is poor. Haber discovered “OaU~ 

pheres pressure and 500° the formation of ammonia p 1- 

satisfactorily if osmium or uranium is present as a catalyst. U 
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ing at such high temperatures and pressures is difficult, yet suc- 
cess was obtained. Chrome steel free from carbon must be used 
for the apparatus, as otherwise the hydrogen removes the carbon 
from ordinary steel, leaving “rotten steel.” The catalyst now used 
is essentially iron with some substances such as the oxides of 
aluminum and potassium to promote the catalytic action. 

Claude, in France, improved the process by increasing the 
pressure to 1000 atmospheres or more. 

Sources of Hydrogen for Direct Ammonia Synthesis. In 

some sections of Europe hydrogen is removed from coke-oven gas 

by a liquefaction process but the market value of this gas in 

America is too high to make this a suitable source. In Italy cheap 

electricity leads to some use of pure electrolytic hydrogen from 

water. 1 he original German Haber process obtained its hydrogen 

from water gas (coke and steam) by methods outlined in the 

Hydrogen chapter and this seems to suit American costs best at 
present. 

Recently natural gas (largely CH„ methane) with steam and 
air entering into the reactions has been used as a source of the 
hydrogen and nitrogen required for ammonia synthesis. 

CH 4 + H,0 - 00 t 0 ° > CO + 3H 2 


CO + H>0 


suu 


another 

catalyst 


CO. + H. 


e necessity of removing from the nitrogen (liquid -air source) 
anc ly rogen all such catalyst poisons as carbon monoxide, sulfur 
compounds, phosphine, and water, adds greatly to the cost. 

World Production. Prior to World War II, nitrogen fixation 
plants were overbuilt and the world capacity of nearly 4,000,000 
tons of fixed nitrogen was 50 per cent in excess of the normal con- 
sumption. At least a dozen countries, great and small, are now 
practically independent as far as ammonia, ammonium salts, 
nunc acid, and nitrates are concerned. Our own country can 

produce well beyond our needs in peaceful times. Furthermore 
the prices of the products have fallen. 



Uses: 



Indispensable for 
plant growth 
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tic processes. 

Competition 

Processes to make: 

Synthetic NH 3 - 
Chilean nitrate 

Cyanamide -^ NITROGEN 

Organic —FERTILIZER 

(urea, tankage, 
manures, etc.). 

Soil bacteria 
(on legumes) 

SOIL FERTILITY 

Fixation of Nitrogen by Bacte ";^" 0 many of our 
scopic organisms of the fungus t> pc human body they 

diseases, are wonderful little typcS the 

make poisons that sometime w hich of course, reacts 

free nitrogen of the air into mine nitratcs , choice 

with the basic material alway d in all so ils, but they 

plant food. The nitrifying types arc altac hed to the roots 

are always found in llttlc lu ™£ S o^r legumes. Clover thrives on 
of clover, alfalfa, cowpea , tri endly bacteria. Sometimes 

a soil that contains cnoug i chc aply with the proper bac- 

the farmer inoculates see V in millions of bacteria. As 

teria. One gram of rich soil may nitratc formation, soil 

a good air supply is necessary ^ compac t or water-logged, 
must not be allowed to c dcd t o supply food for 

Organic matter (humus) is also 

bacteria. . - a without the high tern- 

Problem Vet to Be s ° ived : *** 

perature of the arc process . 

processes, are able to “fix” the "' u ^ n ° f 

, • rallv believed that only ten chemical 

Plant Food. It ts genera ly^ _ n!tro gen, phos- 

elements are necessary a oxvgen, sulfur, calcium, 

phorus, potassium, carbon, hydrogen, oxygc 
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iron, and magnesium — but recently it has been demonstrated 
that manganese, copper, zinc, and boron in traces, at least are 
essential to the healthy growth of certain plants. Ten of these 
elements are supplied in most soils (supplemented by the atmos- 
phere), but heavy cropping finally forces a fertilizing replace- 
ment of nitrogen, potassium, and phosphorus compounds. The 
best commercial fertilizers contain the essential trace elements. 



on the left was fed by a fertilizer containing * i \ h lar S cr tobacco plant 

tfnnvth. (Courtesy The Country Gentlent.n, Pllladl'pl.ti ™'"' 5 eSSC “ U “ 1 " thc bcs ' 


5 

useful 1 me and a.ds ,n the growth of beneficial bacteria The 
physical and biological condition of soils is important. 
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The sources of potassium salts and phosphates are discussed in 

other sections of the text. Sec Index. 

Growth hormones for plants are receiving great research atten- 
tion. Indole acetic acid, for example, greatly increases the tend- 
encv of cuttings to throw out roots. 

Hydroponics, or soil-less farming, is a process of growing fresh 
vegetable^ in water solutions of plant food (tanks). The advan- 
tage for airplane depots on remote barren islands ts " ^ 
U S Army in Japan also has set up a large farm of these tanks 

in order to grow certain vegetables ircc nom u 
Exercises 

1. If overcrowding leads to war, how can the yeas. plan, work for peace? 

2. What are the sources of hydrogen for Nitrogen Ftxatton. 

3. The following reaction is said to be possible: 

CaSO. + 2 NH, + CO, + H,0 - CaCO, + (NH,),SO. 

Why may this become important to Gentry **£,'“*' dCP °”“ 
gypsum, lack of sulfur, and dc '^ V ^ am|nHnia cou ld be prepared 

4 - “Habcr 0 prj? Ho: many gratns of nitric acid by the further step 
of the Ostwald process; catalytic ox.dat.on. 
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Chapter 32 the oxides of 

NITROGEN. 
NITRIC ACID 


A PARTIAL COMPARISON OF THE OXIDES OF NITROGEN 

N^O Nitrous oxide Colorless gas Heating NH 4 NO, 

NO Nitric oxide Colorless gas Diluted HNOj on Cu 

Nj 0 3 Nitrogen trioxidc Blue liquid at - 21° Cooling NO + N0 2 i=± N 2 O a 

NO, Nitrogen dioxide Red-brown gas Cone. HNO a on Cu 

N.O, Nitrogen tetroxide Pale yellow gas Cooling 2 NO- f=* N>0 4 

N 2 0 5 Nitrogen pentoxide White solid Dehydrating HNO, by P a O s 

Nitrous Oxide, N,0. It was Priestley who in 1772 first prepared 
nitrous oxide gas by reduction of nitric oxide with moist iron 
filings. Since it was thought to be poisonous. Sir Humphry Davy 
was a rash young man when he breathed some of it to learn its 
properties. The hysteria occasionally produced by nitrous oxide 
earned for it the name “laughing gas.” The gas is now made by 
the careful heating of ammonium nitrate. (At too high tempera- 
tures ammonium nitrate may explode with terrific violence.) * 

NHjNOj — > 2 H-O 4- N«0 


Exercise 

1. What ammonium salt is heated to prepare pure nitrogen? 

Oxygen must be mixed with this gas when used as an anaesthe- 
t.c. Formerly only dentists used this pleasant, quick-acting an- 
aesthetic, but in recent years it has been widely used by surgeons. 
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nitrogen dioxide, NO: 359 

Since nitrous oxide is rather soluble, it is usually collected over 

W rJc Oxide, NO. Although Cavendish in 1766 made this gas 

b» w » -'■“si”,;"' 

gen and the lightning flash in air has been making tt fo. ages 
scientists had done almost nothing with this reaction be or the 

present century. But to 

r p tTu a ;rr«ttn by tbe arc process an* i» -dy con- 

version into nitric acid. . , , • ...„, rr nphe 

Nitric oxide is a colorless gas shghtly soluble n watc. The 

liquefied form boils at - 1 53.6°. Tins gas ,s eastly pre pared by 

action of somewhat diluted nitric acid on coppt r. 

3 Cu + 8 HNO3 -> 3 CufNOJi + 2 NO + 4 H,0 
In making nitric oxide a Uta replaced 

after this product is swept out t , Nitric oxide is 

by a colorless gas. The explanation * ^ ^ rcd . brou , 
colorless but reacts with oxyg 
nitrogen dioxide: 

2NO + O, -> 2 NO * 

The first reaction in the catalytic oxidation of ammonia by air 


is: 


4 NO + 6 H -O 


4 NH 3 + 5 O, - 

.. NO (Tetroxide, N a O t , cold). This very 
Nitrogen Dioxide NO. ^T ^ kad nilrate or, in 

poisonous gas is made by neaim*, I 

fact, the nitrate of any heavy metal: 

2 PbfNCbh - 2 PbO + Oi + 4 NO, 

Concentrated nitric acid reacts with copper to release this gas: 

4 HNOi + Cu — » Cu(NO,), + 2 H..O + - NO. 

. , , ( u„, dilute nitric acid with copper yields 

Above ,t was stated th , low nitrogen tetroxide 

NO, nitric oxide. Below 22 the pa e y ^ dioxide 

(m n i ovists This dissociates completely 

(IN2O4) exists, l • u-moeraturcs mixtures of the two 

(NO 2 ) at 156°. At intermediate tempeia 
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exist with corresponding densities. Above 620° all the N0 2 dis 
sociates: 

N 2 O 4 2 NO, ^2NO-fO : 

Pale yellow Brown Colorless 

Its most interesting reaction is with water: 

Cold H >0 + 2 N0 2 — > HNO 3 + HN0 2 

3 HNOo HNO 3 4- H 2 0 + 2 NC 
faster on warming 

The reason there is no nitrous acid (HNO,) formed in hot 

water is that it is decomposed by heat. The above equations may 
be condensed as: 7 


3 N0 2 4- HoO -> 2 HNO, 4- NO 


2 . 

3. 


Could NOj be made at 700°? 


If a mixture of heated air and nitrogen 
down which a spray of water fell, what 
by-product? 


dioxide were led through a tower 
would become of the nitric oxide 


Nitrogen Trioxide, N,0„ This substance is formed by cooling 
mixture of nitric oxide and nitrogen dioxide to - 21 ° and ap- 
pears then as a blue liquid. It dissociates well below room tem- 
perature so as a gas it is really the brown mixture of NO + NO. 

I he equilibrium proportions change with the temperature: 

N 2 O 3 «=* NOo 4- NO 

process' ofm\ nitrOS u ' ri ° Xide funCti °" in the >ead-chamber 
process ol making sulfuric acid? 

Nitrogen Pentoxide, N a O„ This white solid is prepared by 
removing the elements of water from pure anhydrous nitric acid 

ssxz srss, “ " <— ** 

2 HNO, + P.O, — 2 HPO, + N 2 O s 

4. Nitrous oxide, when heated to hieh tcmncnh.re a 

and oxygen. If 9 liters of nitrous oxid !, decomposes .mo nitrogen 
be the volume of ,he relC gas T " deCOm P“« i heal, wha. will 
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PREPARATION FROM SODIUM NITRATE 

5. How many grams of ammonium nitrate would be required for the prepara- 
tion of 17 liters of nitrous oxide measured at 21 ° and 12 atmospheres. 

6 . Twenty ml. of a 0.7 normal solution of nitric acid are treated with excess 
ferrous sulfate and sulfuric acid. What volume of nitric ox.de ts ob.atned 

7. A student once answered the question “How could you make oxygen from 
the air?” by this equation: 

2 N 4 0 — Oi + N s 



What is wrong? What led him to this answer? 

Do you know of any great use of N 2 O 3 as a catalyst? 


Nitrates in Nature. The largest deposit of nitrates is the so- 
dium nitrate bed in the almost rainless Atacama Desert ol 

northern Chile. . . 

Potassium nitrate occurs to a limited extent in India (Benga 

saltpeter) and is formed when organic matter dcca>s in contact 
with wood ashes. 


NITRIC ACID 

This acid has played a great r61e in history (since the ninth 
century) and is even now at the front of the stage Its salts are 
important fertilizers, supplementing ammonium sulfate and the 
other soluble nitrogen compounds. The acid is essential to the 
manufacture of most high explosives, of many dyes and medicine s, 
of most movie film, and of numerous other uselul products. In a 

recent year we used 800,000 tons. 

Preparation from Sodium Nitrate. Basil Valentine in th 

fifteenth century simplified an earlier process by heating a mix- 
ture of sodium nitrate and “oil of vitriol” (concentrated st, finite 
acid). The more volatile nitric acid escaped into a condenstr. 
This ancient process still survives. In the laboratory a glass retort 
with a cooled flask as condenser, is used (Fig. 118). Two react, ons 
may occur, depending upon the relative excess of sodium nitrate 

and the temperature: 


(1) 

(2) 


NaNC>3 + H2SO4 
2 NaNOa + H2SO4 


Nall SO 1 + HNO3 
Na .SO, + 2 HNO3 
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The first reaction is favored because it goes to practical com- 
pletion below 200° C., while the second requires a temperature of 
900° C. for completion. 

Cast-iron stills are used commercially and the vapors are con- 
densed in glass tubes or, more recently, in fused quartz or duriron 



Fig. 1 18. Laboratory preparation of nitric acid. 


tubes. Duriron, an iron alloy containing 16 per cent of silicon, 
resists corrosion by hot, concentrated nitric acid. Duriron is very 
hard to machine and is brittle. 

On distilling nitric acid there is some decomposition as indi- 
cated below: 

4 HNO, — > 4 NOo + 0 2 + 2 H,0 

The ordinary “'concentrated" acid of commerce is 68 per cent 
nitric acid and 32 per cent water. 

The Arc Process. This process, now obsolete, utilized the high 
temperature ot the electric arc to convert the oxygen and nitro- 
gen of the air into nitric oxide and dioxide. With water the di- 
oxide reacts to form nitric acid. 

The principle of the old Birkcland-Eyde arc process has 
recently been applied successfully by Daniels and Hendrickson 
by means of their quick-cooling modifications. Air is blown 
through a hot bed of refractory pebbles to preheat it, then 
through an extremely hot gas-fired furnace and finally through 
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a second, cold pebble bed where the gas is chilled very rapidly 
to prevent thermal decomposition of the nitric dioxide. Pr 
heating the air in a hot pebble bed makes possible the tempera- 

ture of 2315° C. desired. 

m w, -i- 0-» — * 2 NO. colorless nitric oxide, 2315 C. 

(2) 2 NO + 0 2 -* 2 NO ., red-brown nitrogen dioxide, below 

620° C. _ 

(3) 3 NO -2 + H .O 2 HNOa + NO 

The NO is not lost for it reacts with oxygen of excess air as in 

thermal reaction of oxygen with nitrogen, an y V 
formed nearly 1600 pounds of nitric add over each square 

^ThVostwald Ammonia Oxidation Process. The essential 
supplement to the Claude-Haber method of making ammo a 
from its elements is Ostwald’s oxidation of ammonia to nitnc and. 
The following equations give the steps: 

4NH. + 501-4N0 + 6 H.O + 214,200 cal. 

2 NO + 0 2 -> 2 NO.. 

3 N0 2 + H 2 0 2 HNOa 4- NO 

Ammonia mixed with ten times its volume of air ^passed 
through a gauze of wire «htch caialv^^ ^ ^ ^ 

with 95 per cent conversion at about taction is cxo- 

0.01 second (perhaps 0.001) is su by a strcam of 

thermic and the right tempera ur ■ < As with the 

cooling water and by plating long time 
arc process the fundamental ide < 

but it took an Ostwald to apply “ * ucc ") with a little rho- 

The platinum gauze ^ ^O medi, ^ ^ (about 

dium, is made of wires u.uu and a t the same 

0.065 mm.). It becomes inoie ^ 'cu sur f ace . All of our nitric acid 

time shows a change to a very r g • except under 

is now made by the ammonia oxidation process except 

stress of war demands. 
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Properties of Nitric Acid. Anhydrous nitric acid is a colorless 
liquid with a density of 1.52 and a boiling point of 86°. As stated 
before, it slowly decomposes and develops a red-brown color 
from dissolved oxides of nitrogen. 

The constant-boiling mixture forming at 120.5°, with density 
1.4, contains 68 per cent HN0 3 . As a powerful oxidizing and 
nitrating agent it is very important. 

1. Action on Non-metals. Sulfur heated with nitric acid is 
oxidized to the trioxide and, in the presence of water, to sulfuric 



Fig. 1 19. Platinum gauze before and after 



use in the catalytic oxidation of ammonia. 


and. In fact by this treatment combined sulfur is torn out and 

converted into sulfuric acid. This is the basis of quantitative 

met hods of determining the percentage of sulfur in ores and in 
sonic' foods. 

2. Action on Metals. Yew active metals displace hydrogen 

,<>,,l 1 ' ,IS iWld ' 1,1,1 in ,lu,st cas °s the hydrogen displaced is in- 
stantly oxidized In the acid and none escapes. 

Less act. ve metals, such as copper, arc first converted into the 
mode by th<- acid, which then dissolves the oxide. If it were not 
for this preliminary oxidation, nitric acid could not possibly 
attack metals below hydrogen in the electrochemical series 

2. Action on Metallic Oxides. Oxides react readily with nitric 
«u id, lorming water and nitrates. 

4. Action on Organic Compounds. Cellulose (of cotton or 
wood) is attacked with the formation of various cellulose nitrates, 
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some of which are high explosives. With glycerine a similar prod- 
uct called nitroglycerine is produced. Toluene yieds the a mo us 
T.N.T. ( trinitrotoluene ) and even starch is mtra e 
powerful explosive. Yellow stains on the hand may be due to t 
xanthoproteic acid formed by nitric acid reacung with prou 

tissue. . rjMT 9^ Af) 

The gas volume resulting from an explosion of T.N. I is -«> 

times the volume of the solid. A /a-mm. snei 

explosives; detonator, propellent (smokeless ponder), tetryl. 

T Nh™ Compounds and Organic Nitrates. Concentrated nitric 

acid reacts with organic compounds in two nays, a 
trated by its reaction with glycerine and with ben/ene. 

Glycerine, C,h J(OH)7TTh 1 NOi -3H : 0 + ChHdNOds 

• SI 


/ , ~ ~ \ 

The product, C,H s <NO,)» is wrongly called -ni«r 
The NO, group is present, so the correct n»« ■ glyceryl m 
nitrate. The reaction includes the union ol 
glycerine with H groups of the at id. 


Benzene, C c hJ ( H ^HO|NO, -> H,0 + C r .H,NO, 


Here it is the benzene, C G H 6 , that furnishes the H, and the 
ncrc u is urc „ n .NO, for convenience) that 

nitric acid (written above as H .... roc j uct 

furnishes the OH group for reaction to yield w. ■ ^ 

C.HcNO„ is clearly not a nitrate of a "[ “'.; ro ^ zcnc . Cellu- 

tains the nitro group -NO 2 , must x ca 1 , r< . r ; n e Toluene 

lose contains OH groups and hence reacts like g y . ' 

C.H 6 .CH„ resembles benzene closely and reacts ..milarly 

nitric acid to form T.N.T., trinitiotolucnc. reducing 

Oxidation by Nitric Acid. In the ^presence «*a ^ ^ 

agent dilute nitric acid breaks up, yie U . , 

oxygen atoms for every two molec ulc so t u 

2 HNO 3 —* H*0 + 2NO + (3 0) 

The (O) of the above equation is 
is merely used here for convenience 
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When concentrated acid is used, nitric oxide cannot be a prod- 
uct. It would be oxidized to nitrogen dioxide by the rest of the 
concentrated acid. 


2 H 1 NO 3 — > H 2 0 + 2 N0 2 + (O) 

Note again the difference in the oxidizing power of diluted and 
of concentrated nitric acid as shown towards metallic copper: 

Diluted 8 HNO 3 + 3Cu->3 Cu(N0 3 ) 2 + 4 H 2 0 + 2 NO 
Concentrated 4 HN0 3 + Cu — ► Cu(N0 3 ) 2 + 2 H 2 0 -f 2 N0 2 

The more active the reducing agent the greater the valence 
number change in the nitrogen of nitric acid. Silver and sulfur 
reduce it to N0 2 ; tin to N>; zinc to NH 4 N0 3 ; magnesium to 
NH.jN 0 3 and hydrogen. What are these valence number changes 
in the nitrogen? These reactions occur with concentrated acid 
diluted with an equal volume of water. 

Electronic Balancing of Equations. As an option in balancing these oxida- 
tion-reduction equations we may consider again the electron method. Represent 
electrons by (c). 


(0 HNO3 -f- Cu ► Cu(NOj)j NO -f- H2O (unbalanced) 

5 + 0 2 -f 2 + 

(2) 8 HNO 3 + 3 Cu — 3 Cu(NOj)j + 2 NO + 4 H-O (balanced) 

'-3 X 2 e-l 


By this method there must be an equal number of electrons (e) gained and lost 
by the oxidizing and reducing agents. In this instance copper acts as a reducing 
agent, for its valence is raised from zero to two. Some molecules of nitric acid 


acted as oxidizing agent and some formed cupric nitrate. 

1 he valence of nitrogen in HNO 3 must be five because the anhydride is N 2 Oj. 
Another method of representing the reactions is as follows: 


3 Cu" - 6 £ —i * 3 Cu 2+ (Half reaction) 

2 N 6+ + 6r-2 N 2 * 

> Cu + 2 HNO 3 — • 3 Cu(N0 3 )s ■+■ H 2 O -f- NO (unbalanced) 

However the six NOj groups in 3 Cu(NOj) 2 require sL\ more molecules of 
HNO3, a total of eight. 


3 Cu -f 8 HNO, - 3 Cu(NOj) s + 2NO + 4 H 2 0 (balanced) 

9. Add a few drops of nitric acid to a beaker filled with foam from the action 
of zinc on dilute sulfuric acid. 1 he escape of hydrogen is checked. Pour off 
the liquid, neutralize with sodium hydroxide, and smell the ammonia re- 
leased. Explain with all equations. 



THE BROWN-RING TEST FOR NITRATES 

Doubt has been cast on the theory that vigorous nitration by 

r -i rnnrcntratcd sultunc is aiucu 

a mixture of mtr.c acid -th concent^ sulfuric . 

taking up of water of re a W ^ ^ effective ni , ra t- 

There is new evidence that the . . _ vn i~; n ed as dol- 

ing agent. The presence of this unusual ion is explained 

l0W5: HNO3 + 2 H,.SO, - (H.O)H + + NO,* + 2 HSOr 

i ■ J HNO When nitrogen trioxide or a mixture ol 
Nitrous Acid, HNO,. U d into cold water, nitrous 

nitric oxide and nitrogen dio. ^ evcn in solution - so 

acid is formed. 1 he acid is qu . acidd i e d when 

it is stored and transported as so turn m > ease d from its 

nitrous acid is desired. When nitrous ac d* « Umed 
salts by addition of sulfuric acid, red-b.oun 

(unless a great excess of water ,s ' those Q f mercury 

Nitrates. All nitrates are soluble txcep . lvdro | v7c d with 

(divalent,, antimony, and ' bismuth * uch . an . soluble in 

formation of insoluble basic salts. Heme ter. 

the presence of "‘"ree closes according to their deco,..- 

Nitrates are grouped in mitt 

position on heating: 


(1) 

( 2 ) 

(3) 


NH4NO3 
2 NaNOs 
2 Cu(NOj); 


2 H .O + N .O 
2 NaNO* 4- O2 
2 CuO 4- 4 NO . 4- O . 


Ammonium nitrate is the only 
Potassium nitrate acts like sodium 

nitrates are decomposed like \lm ■ ™ ^ ^ vcry delicate test for 

The Brown-Ring Test for 1 • . Qn u , t j u . brown 

nitrates (and nitrites) makes use o v solution of 

compound FeSO.NO. To the suttee 1 mtiatt. ^ ^ con _ 

ferrous sulfate is added and then, u u t n , W all of the 

centrated sulfuric acid is carefuHy poun.1 do ^ lU # ^ 
tube so two layers form. At the junc tion a cid liberates 

ring appears if a nitrate » oxidi/c s some ferrous 

nitric acid from any nitrate , " n , • s NV Uh some remain- 

sulfate. The nitric oxide by-product combines v 
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ing ferrous sulfate to form brown Fe.SO. NO, a molecular com- 
pound. 

Addition of dilute sulfuric acid to a suspected nitrate or nitrite 
enables one to distinguish between the two (unless a large amount 

of water is present). Red-brown oxides of nitrogen escape from 
the nitrite, but not from the nitrate. 

Structural Formulas. Most acids are made up of hydroxide 
groups united with a non-metal, such as nitrogen or sulfur. This 
is not to be confused with the fact that bases are compounds of 
the hydroxide group with metals. The difference is that in water 
solution bases yield OH ions, while acids yield H + ions. 

With hydroxy acids a clear conception of structure may be 
obtained by considering that the acid is derived from a parent 
ac.d in which the non-metal holds as many —OH groups as indi- 
cated by its valence number. This makes it essential to learn the 
correct valence number of the central element. In nitric acid we 

earn this by noting the formula of the anhydride. The nitrogen 
is pent a valent : ° 

2 HNOj -> H .O + N»Os 

Consequently a parent acid may be represented thus: 

-H 
-H 
-H 
— H 
H 

The compound H,N 0i is no. a. all imaginary. Erdmann (&,. 

nr rcll'*’ 7"~ ' ,9 ° 2) th <= form of long 

n , dies melting at 35’. To change from this ,o the ordinarv 

• 3 ca ls foi the spontaneous breaking off of 2 H.O. In the 

diagram the second -OH has lost its hydrogen. 


O— H 

2 H 2 0 4 N^O 


Nitric Acid 
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But oxygen is divalent, so the bond of valence once used to hold 
the hydrogen must exert itself towards something. This suits ni- 
trogen, for its bond of valence previously occupied in holding the 
third —OH can extend its force to the second oxygen. 1 he same 
reasoning applies to the fourth and fifth groups. Loss of water is 
neither oxidation nor reduction, so the valence of the nitrogen 
remains five and the valence of oxygen two. 


OXIDATION STATES IN GROUP VB 
Shown in compounds of N, P, As, Sb, and Bi 



— 3 

-2 

+ 1 

+ 2 

+ 3 

+ 4 

N 

NH 3 

N 2 H 4 

n 2 o 

NO 

NCI, 

HNOj 

N 2 0« 

P 

PH, 

P 2 H 4 

h,po 2 

— 

PCI, 

H3PO3 


As 

AsH, 

— 



As 2 S 2 

AsCl, 

H ,AsO , 

Sb 2 0 4 

Sb 

SbH, 



— 

— 

SbClj 


Bi 

BiH, 

— 

— 

BiO 


BiaOi 


+ 5 
N 2 Os 

PsO» 

h 3 po 4 

AsCU 

HjAsO* 

SbCls 

HjSbO, 

H 3 B 1 O 3 


Exercises 

10. What volume of sulfuric acid having a specific gravity of L«3 ( M per cent 
H..SO.) will be required .0 convert 425 kg. o, sodium n. irate (80 per cent 

pure) into nitric acid? . t ,, 

11. How many grams of nitric acid will be prepared ,n die above react 

12. Assuming a 95 per cent yield, how much Chile sd,tI)l ^ 1 ' 
would be required to prepare 6,4 kg. of 68 per ecu, nunc a ub 

13. Develop the structural formula of permanganic and, HMnO., and 

dichromic acid, H-.Cr jO;- 

14. What possible connection is there between oil sues an tr ' * " 

15. What is the chief cost in making ammonia directly from hvd.o.cn 

nitrogen? CO (NH .)-, is oxidized by 

16. The white crystalline substance called urea, 

nitrous acid as follows: 

CO(NHi), + 2 HNOj - 3 H,0 + CO, + 2 N, 

How could you arrange apparatus for the determination of the urea m 
urine? What would be your calculations. 

17. What process of nitrogen fixation dominates the field. 
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18. How could you dry ammonia? 

19. Compare the action of nitric acid on metals above hydrogen in the electro- 
motive (or activity) series with the action on metals below hydrogen. 

20. How can you tell the difference between a nitrate and a nitrite? 

21. How docs the fact that cotton or other forms of cellulose can be nitrated 
touch your own personal safety, comfort, pleasure, or appearance? 

22. Is the arc process of making NO completely obsolete? 
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Chapter 99 the phosphorus 

r ^ GROUP. VB 



ATOMIC 

DENSITY 

ELEMENTS 

WEIGHT 

OF SOLID 

Nitrogen 

14.008 

1.026S 

Phosphorus 

30.98 

1.83 

Arsenic 

74.91 

5.73 

Antimony 

121.76 

6.684 

Bismuth 

209.0 

9.80 


Ml- 1. 1 INC COl UK OF 
POINT SOLID 

_ 21 0.5° White 
44.10° White 
Sublimes Gray 
630.3° Silver- 
white 

271° Reddish- 

white 


hydroxides are 

Strongly acidic 
Moderately acidic 
Moderately acidic 
More basic than 
acidic 

Weakly basic 


A <K Periodic . .bio 

above resemble each other in propel tit ; • corn- 

calls for valence numbers of three and hvc. , 

.non except with aide weigh* — 

valence number of three. W . h ^ (ha( sul h a change 

five elements become more m ‘ .’ naturc is sll U more marked 
involves. This change to the % • 

with antimony and is c “ mp,C “ "‘^.^Thrcc and live produce 
The predominant valence numb, 
a striking similarity in the formulas of compounds. 

elf.ctron shells 


N, 2, 5 
P, 2, 8, 5 
As, 2, 8, 18, 5 


Sb. 2, 8, 18. 18, 5 
Hi, 2, 8, 18, 32, 18, 5 


*» - r - s “ r:£*’ rJKs.- 

water to form a base. All tnc 
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hydrolyzed by water, yielding hydroxides which are more or less 
acidic. 

PHOSPHORUS 

Occurrence. The element is too active chemically to be found 
free, but as phosphorite (Ca 3 (P0 4 ) 2 ), a fossil deposit, which un- 
fortunately contains some calcium fluoride, it is plentiful in the 
United States and North Africa. Apatite (3 Ca 3 (P0 4 ) 2 -CaF 2 ), a 
primitive rock, occurs in large deposits in Canada and Russia. 



Fig. 120. Phosphorus furnace. 


Some iron ores contain very appreciable amounts of phosphates. 
1 he average human body contains 1.5 kg. of combined phos- 
phorus, most of which is contained in the bones. The hard part 
oi bones is calcium phosphate, and organic phosphorus com- 
pounds are found in nerve tissue, muscles, and in the germs of 
seeds. Consequently the element is essential to animal and plant 
growth. Egg-yolk and beans are especially rich in organic 
phosphorus compounds, but peas and whole wheat are also 
valuable sources. Since they are a part of plant and animal tissue, 

it is evident that phosphates must be present in all fertile 
soils. 
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WHITE PHOSPHORUS 

Preparation. The modern method of preparing phosphorus is 
to heat phosphate rock with sand and coke in the electric furnace 
(Fig. 120). The charge enters the furnace from B by the worm 

feed A: 

2 Ca 3 (POi)» + 6 SiO, + 10 C -» 6 CaSiO. + 10 CO + P. 

The phosphorus distills off at P and is condensed in cold water. 
After filtering, it is molded into small slicks and kept unde, water. 

Exercise 

1. Why no. heat phosphate rock, sulfuric acid, and coke together to make 
phosphorus cheaply? 

Properties. Phosphorus exists in a. leas, three a Uo tropic forms 
— white, red, and black-.hus reminding us ol oxygen-ozone and 

the different forms of sulfur. , : r ,.. n i vr c a 

TH, f«n 

change in specific grav.ty from 1.83 to anon , 

much heat is liberated, there must be less cne. gy 
This explains why the heat of combust..... ol the red ph»phor 
is less. On burning, each variety produces a dense wh e moke of 
solid P 2 0, Military smoke screens have been n^e h s ay^ 
Colored signal smokes are made by tgm.ion of a m.xturc 
milk sugar, a dye, and potassium chloiatt . , WIXV 

White Phosphorus. While phos^orus is a -nsluccnt, ; axy 

solid, melting at 44 and bothng^ - f ^ R js found that 

room temperature. From ' d ■ , ? is p„ Insoluble in 

up to 1300 the molecule i ^ (inc> clhcr , olive oil, 

water, it m car bo; ' ^ - stallizcs i„ the regular 

and other liquids. From th sc . wilh many elements, 

system. It is extremely ad.vc an ^ ^ a , ways kcpt und er 

In warm air it ignites (at ab > ’ . . , • u 

water The heat of the hand is sufficient to ignite it and 
ater. 1 he hca clement is very poisonous, a 

burns may result. I ms lorm 

fatal dose being only 0.15 g. 

i - imnu in connection with ozone and also in 
2. What was said about phosphorus in con c 

connection with iodine? 
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Red Phosphorus. When white phosphorus is heated to 230°— 
300° without access of air it changes to the red modification — 
more rapidly in the presence of a trace of iodine as a catalyst. 
Red phosphorus is not soluble in any solvent, is non-poisonous, 
and must be heated to about 240° before it takes fire. It is micro- 
crystalline. 

Matches. Friction matches first came into general use in 1827, 
adding a great deal to comfort and convenience. We use 500 bil- 
lion yearly. Heat of friction was secured by the use of powdered 
glass on the box, and ready combustion was secured by use of 
phosphorus, a sulfide and solid oxidizing agents glued together 
in the head. Later the non-toxic P 4 S 3 was substituted for white 
phosphorus which had caused a serious disease of the bones in 
workers making the matches. 

In the safety match, red phosphorus and glass powder are 
glued to the box with the other necessary materials, sulfur or 
antimony trisulfide, potassium chlorate and glue, in the head. 
The head and the box coating must cooperate. 

Other Uses. Normally most of the phosphorus produced goes 
into the match industry in the red form or as the sulfide. A small 
amount is used as a rat poison and in modern warfare much is 
used in incendiary grenades or bombs and to make smoke screens 
of the pentoxide. 

Chlorides. Phosphorus reacts with chlorine, even in the cold, 
to form the trichloride (PC1 3 ), a colorless fuming liquid of density 
1.6, and the pentachloridc (PC1&), a pale yellow solid. Passing 
more chlorine through the trichloride converts it into the penta- 
chloride, with evolution of much heat: 

PC1 3 + Cl, PC1 6 

Oxides. Of the two oxides, P,0 3 and P 2 O 5 , only the latter is 
impoi tant. They are white solids, anhydrides of phosphorous and 
phosphoric acids. 

The Acids of Phosphorus. A study of the hydrolysis of the 
chlorides ol phosphorus and of the other elements of the group is 
of the utmost importance in giving the student a clear conception 
of the formulas of the acids: 



ORTHOPHOSPHORIC ACID 


375 


P \ 


Cl 

H|( 

Cl + H< 

Cl 

H 1 

jcf 

H 



-Cl + H 

'Cl 

H 


OH 


3 HC1 + P 


OH 

OH 

OH 


Phosphorous 

Acid 


OH 

OH 


/OH a . 

/ Arscnious 

3 HC1 + As^-OH Acid 

OH 


Sbc— 



Cl 

" _ H 1 OH 

Cl + HOH 

Cl 

H|OH 

(cT 

HOH 

.Cl 

HOH 


.OH 

3 HC1 + Sb^OH 

x OH 


Antimonious 

Acid 


ci 


5 HC1 + P 


Cl 


HOH 

HOH 


OH 

X°H 

7 7 OH 
OH 
|OH 

Parent 

Phosphoric Acid 


OH 




Orthophosphoric 

Acid 


3. Write the similar reactions of AsCU and SbCl s . 

H This graphic formula fojr H.PO^ shows^hc 

: O : completion of ^ and 

H : O : P : O : H electrons in the at 
• 6 • oxygen. 

phorus, in aqueous 5 ° J , |„ ma de by °[ 

orthophosphoric acid. I he { . . nlc taphosphoric acid 

SSK Sd"Siro.l - — * “ 

the anhydride of the ortho-ac id . 

p Qr t H -O — > 2 HPO, 
rfo?; 3 H.; 0 - 2 H jo. 

Obviously it is also the anhydride of HE O s . 
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Commercial phosphoric acid, a thick syrupy liquid of about 
85 per cent concentration, is cheaply made from phosphate rock 

by somewhat diluted H 2 S0 4 . A purer product results from direct 
action of water on P 2 0 5 . 

With excess of phosphate rock the first reaction 
Ca 3 (P0 4 ) 2 + 3 H 2 S0 4 — > 3 CaS0 4 + 2 H 3 P0 4 

may be followed by either of the following, depending upon the 
amount of this excess and the dilution of the acids: 

Ca 3 (P0 4 ) 2 + 2 H 3 P0 4 — ► Ca(H 2 P0 4 ) 2 2 CaHP0 4 

Ca 3 (P0 4 ) 2 -f 4 H 3 P0 4 -> 3 Ca(H 2 P0 4 ) 2 

Some phosphoric acid is made in a blast furnace, much as iron 
is reduced from its oxide ores, but the electric furnace is better. 


Phosphoric Acid (Electric Furnace Process) 


Phosphate Rock 
Coke 


Sand 


Iron Slu£3. 


CrunMng 

and 

Grinding 



» fcleetrtc 
R (Furnace 

Hydrator^l 


Water Spray qq 


+ T Water 

Sla^T Spray 

F arrophosphorua 



& h fSr k Rock(35 - # p, ° 4) irl it- 'r:?r n * oa ^ 

SJko Slk- L WKw,hr. 

743 Lb. Direct Labor (Est.) 0.5-1 Man-hr.J H t PO, 


Fig. 121. Flowsheet of electric furnace process of making phosphoric acid. 

(Courtesy Chem. Met. Eng.) 

Phosphate rock is not an oxide, it is a calcium phosphate requir- 
ing the aid of sthcon dioxide (which at high temperatures acts 

like an a cl d) for removal of calcium. Summing up the various 
reactions: 


2 Ca,(PO,), + 6 Si0 2 + 10C — *6 CaSiOs + 10 CO + P t 

Coke in the electric or blast furnace reduces the rock (with the 
aid of sthcon d.ox.de) to elementary phosphorus. The gases may 
be led through a cooling system where phosphorus is condensed 
(if the market demands it) or mixed with more air so that the ele- 

me m “ the OXide> Thc oxidc - then hydrated to 

yield HjPOj, orthophosphonc acid, in the form of a mist which 
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must be settled and condensed by the aid of the Cottrell electrical 
precipitation device. Fluorine in the rock goes into the slag as 

calcium fluoride. . . , , 

A quick treatment of sheet steel by phosphoric acid plus a 

suitable catalyst forms a rough, rust-proof surface very suitab e 

as a base for lacquers. All steel auto-bod.es are treated by this 

“bonderizing process.” , • 

Orthophosphoric acid finds important use as a catalyst in 

petroleum chemistry. . ^ 

Pyrophosphoric Acid. This acid, as us name indicates .s the 

result of heating orthophosphoric acid. At 213 water ts lost as 
follows: 

2 H 3 PO* H 2 0 4- H,P 2 0 7 

Metaphosphoric Acid. By heating orthophosphoric acid to 
400° a greater loss of water results than in the preparation of the 
pyro acid, and metaphosphor ic ac id is iorim c 

H3PO4 — ► H.O + HP 0 3 

It is also the first reaction product when the pentoxidc is added 
to water. The pure dry acid looks like ice and ,s called glacial 

phosphoric acid. 

PHOSPHATES 

Salts. Sodium salts of phosphoric acid are -«' ^ 'he prepa.a 

tion of fertilizer, in baking powder, water softcn.ng^we ght. g 

silk clarifying sugar solutions, rust-proofing of metal, 
silk, clarity. . g suga manufacture. Organic phos- 

proofing, soft drinks, and in ye as softencrs in some 

phates such as tricrcsyl phosphate c 

plastics. 

Orthophosphates. 

Na 3 P0 4 , trisodium phosphate (the tertiary salt) 

Na 2 HP0 4 , disodium phosphate (the secon ary . 

NaHoP0 4 , monosodium phosphate (t ic primary 

Trisodium phosphate is strongly hydrolyzed toyteld« ^ka- 
line solution and so is often used as a washing powder . 1 he salt 
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easily prepared by adding a large excess of sodium hydroxide to 
the acid. Thus: 

H 3 PO 4 + 3 NaOH ^ Na 3 P0 4 + 3 H 2 0 

The tendency towards reversal is here so great that it is only by 
the mass action of a large excess of the base that crystals of 
the trisodium phosphate can be secured. Trisodium phosphate, 
in boiler-water treatment causes precipitation of insoluble cal- 
cium phosphate and magnesium hydroxide. 

If phosphoric acid is titrated with sodium hydroxide until 
neutral to phenolphthalein as an indicator, disodium phosphate 
is formed : 


H 3 PO 4 + 2 NaOH -> Na 2 HP0 4 + 2 H 2 0 

Monocalcium phosphate, CaHPO;, is used in some baking 
powders; dicalcium phosphate in mineral nutrition, ceramics 
and as a dentifrice base. 

Monosodium phosphate, which is used in baking powders, 
pharmaceuticals, and in boiler-water treatment, is prepared from 
an ccjuimolccular mixture of the acid and the base: 


H 3 PO 4 + NaOH -*• NaH 2 P0 4 + H 2 0 

Its solution is weakly acidic. 


a comparison of the 
stages: 

ionization constants of 

(1) 

[H + ] X [H.POr] 

Ih 3 po 4 ] 

(2) 

I H + ] X [HP0 4 -] 
[HcPOr] 

(3) 

[H + ] X |P0 4 -] 

fHPO,-] 


= 10-2 


= 10-w 


.Vote: 10 7 is really or 0.000.000,1. 

,‘" a . VCry acid solution Ba,(P0 4 ) 5 is not precipitated because ionization of 
I II O, ion to yield 1 1 • and P0 4 is too greatly repressed by excess H + added. 
Under such conditions the concentration of PO,= ions is too minute to help 
the Ba* ’ ions exceed the solubility product of Ba 3 (P0 4 )*>. 



ORTHOPHOSPHATES 3/9 

Interesting changes take place on heating the dry salts^ If 
there are two — OH groups in one molecule, they yield a mo c 
eule of water. If only one OH is found in a molecule of the sal 
then two molecules must get together in order to make the loss 

of water possible. . , ^ u v 

An orthophosphate can be changed into a pyrophosphate b> 

heating : 

2 Na.HPO, -> H.O + NacP.O, 

This Na^O,, called tetrasodium phosphate has large use in 
soaps, in degumming silk, and in oil wel! dr.1 mg mud^ 

Below, an orthophosphate (microcosm.c salt) is changed 

metaphosphatc : 


/ONa 

pA)(nh 4 ) 

X OH 

o 


NH 3 + P 



ONa 

OjH 

OH 

O 


% 


ONa 

O + h 2 o 


O 


“Microcosm, c salt” is used in bead tests to detect '£?**<** 
of certain salts. When heated in a loop of ^"^ 's as shown 
loses water of crystallization tead , s’ then touched 

above. A metaphosphatc resu • ^ |n If a coba lt salt is 

to the substance to be tested a ‘ thc hot flame, and this 

tested, some oxide is pioba n , ...hnsoh ite of the bead 

oxide unites directly with the sodium me P I intense ly 

to form an orthophosphate of sodium and eobal . In s 
blue and is characteristic of cobalt, hence a test for ,t. 

NaPCb + CoO - NaCoPO , (Blue) 

r irx tiles and wood by releas- 

Ammonium phosphate fireprools textiles an 

ing NH 3 when heated. 

4. Start with the clement and show how to make from it a„ three acids of 

pentavalent phosphorus. kc an orlh ophosphatc. From this 

5. Start with phosphorus pentoxi ^ ^ orthophoS phatc again, 
make a metaphosphatc. 1 roi 
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Hexametaphosphates. By heating disodium phosphate for an 
hour or more at a red heat and quickly cooling, a glassy prod- 
uct known as sodium hexametaphosphate is obtained. It seems 
to be (NaP0 3 )e and has unique and valuable properties in that it 
forms soluble complex calcium and magnesium salts which yield 
such low concentrations of simple calcium ions, for example, that 
addition of oxalate ions fails to precipitate the extremely insolu- 
ble calcium oxalate. Hard water properly treated with sodium 
hexametaphosphate will not precipitate wastefully and unpleas- 
antly the usual calcium and magnesium soaps. The calcium is 
present in a complex anion and not as a simple cation. 

There are other complex phosphates related to “hexameta- 
phosphate,” some of them crystalline. One of them greatly 
shortens the time required for vegetable tanning of leather, and 
improves the quality of leather. 

Tests for the Different Phosphates. A neutral solution of an 
oi thophosphate reacts with silver nitrate to form yellow silver 
phosphate. A solution of pyrophosphoric acid reacts with zinc 
acetate to yield a white precipitate of zinc pyrophosphate. The 
other phosphates do not. 

White precipitates of silver pyrophosphate and silver meta- 
phosphate leave us uncertain as to which salt we are testing. 
However, a solution of egg albumin is coagulated by meta- 
phosphoric acid, while the other acids have no such effect. Note 
that the tests with silver nitrate must be made on solutions of the 
salts, and that the albumin test must be made with the free acids. 
If salt solutions are at hand, addition of acetic acid will liberate 
enough of the phosphoric acids. Nitric acid solutions of ortho- 
phosphates form a yellow precipitate when warmed with am- 
monium molybdate. The formula is too intricate for us in this 
beginning course. \\ ith a mixture of magnesium chloride, 
ammonium chloride, and ammonium hydroxide (magnesia 
mixture) a white precipitate of magnesium ammonium phos- 
phate (MgNH-jPO,) forms. 1 hese two reactions are the basis of 
the best methods of quantitatively determining the phosphorus in 
fertilizers, etc. Precipitates of exactly the same appearance and 
similar formula are obtained with orthoarsenates. 
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Phosphine. This poisonous gas, PH 3 , formed on moisicnmg 
Ca 3 P 2 , reminds us of NH 3 , AsH 3 (poisonous arsine), and SbH 3 

(stibine) — all gases. 

Ca 3 P 2 + 3 H 2 0 — > 2 PH 3 4- 3 Ca(OH) 2 

Phosphate Fertilizers. Since plants contain phosphorus com- 
pounds soils must contain phosphates or must be fertilized ^prop- 
erly Although fertile soils actually conta.n such compound 
heavy cropping finally exhausts the supply and phosphates must 

be aXd P Of course "plants can utilize only - ^ 
so the common practice is to heat ground caletum phosphate mch 
with enough sulfuric acid to form the soluble primary ea ctum 
phosphate (only one hydrogen of each molecule of the aetd r 
placed by a metal), or as it is called commerctally, superphos 

phate,” containing 20 per cent P.O s . 

Ca3(P0 1 ) ; + 2 H,SO, - Ca(HjPOt)j + 2 CaSO, 

Harmful fluorine is 

slowly convert the raw phosph. 

but the fluorides would not be removed madc by mixing 

A triple superphosphate concern a ‘ ground rock 

- - - 

P Tf d the d pho C sphorus pentoxidejomin^ directly from a ^phos- 
^rmo,r^lil° Ug m etaphos P ham of fertilizer grade is 

f °Th d world uses 

the United States usual VP Amcrica> F i orid a produces two- 
and exports one million ton. .1 Soulh CaroUna , and 

thirds of the present output, deposits in the 

Montana also yield and i'daho. where 
world are found in Utah, M ' 6,000,000,000 tons of 

government investigations report ^at I ^ southcm dc . 
30 per cent calcium phosphate • J-, 
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posits will be exhausted in a century, it is reassuring to learn that 
this western deposit will supply our needs for several centuries. 

6. Would you expect to get hydrogen sulfide by treating phosphorus sulfides 
with dilute acids? Why? 


ARSENIC 

Occurrence. Arsenical pyrites or mispickel (FeAsS) is abun- 
dant, and there are also deposits of the trioxide, orpiment 
(As 2 S 3 ), realgar (As 2 S 2 ), and arsenides of iron, nickel, and cobalt. 
Arsenic occurs in some sulfide ores, such as those of copper, and 
thus its oxide is found in flue dust from the smelters. Canadian 
arsenic is chiefly derived from the silver-cobalt-nickel arsenides 
of the cobalt district. 

Preparation. Much arsenic is made commercially by heating 
arsenical pyrites: 

4 FeAsS — > 4 FeS + As 4 

In the laboratory, reduction ol the trioxide bv hot carbon is an 

¥ 


easy method : 


2 As 2 Q 3 + 3C— »4As-f-3 C0 2 


Arsenides react with water or, more rapidly, with acids to form 
arsine. This is similar to the action of nitrides and phosphides on 
water: 

Zn 3 \s 2 + 6 HC1 -> 2 AsH 3 + 3 ZnCl« 

1 he famous Marsh test for arsenic is based on reduction by active hydrogen. 
A flask (l'ig. 122) containing a frothing mixture of pure zinc and sulfuric acid 
is connected with a glass tube constricted at two points. Through a funnel a 
solution of the suspected arsenic compound is added. The poisonous arsine 
formed on reduction by active hydrogen is heated as it passes through the 
delivery tube and the element is deposited farther along as a shining mirror. 
It is best worked so that the mirror forms in a constriction. As little as one- 
millionth of a gram of arsenic can be detected in this way, so it is a famous test 
m poisoning cases. An interesting variation is to light the hvdrogen as it issues 
from the delivery tip and to hold a porcelain dish in the flame. The heat of the 
flame decomposes arsine in the middle of the jet and a shining black spot of 
the element forms on the cold dish. 


2 AsH 


2 As + 3 H 2 
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A similar reaction occurs in the hydrogen sulf.de Name and with SbH„ 
stibine. Arsenic is highly toxic, a fatal dose being only 30 mg. 

Arsenic poisoning is now less dangerous because, in the ^ arc, ' , ‘ r “ r ""^ 
for injury by lewisite (war gas), it was found drat 2,3 dt.htopropanol (BAL) 

actually removed arsenic from the body. 



■ _ lrsrnic resembles the metals, 

Properties. In physical prop ‘ Like another 

but chemically it is a -wne a ^and acid f ^ fo ,. ms 

member of this group, phos| • specilic gravity of 

The common form is gray, f nto va|)l ,r 

5.727, and volatilities on heating Wh ^ ^ ^ that , ub . 

without melting, it is said to su Sublimation affords an 

lime, it can be melted under odor . 

easy method of purifying. I , of thc trioxide. 

"srr rr,cu», .» 

tated from the Hue gases ol some sm < , i ” i„ to insccti- 

Fully 57 per cent of arsenic for ,ood pro- 

cides and 30 per cc nt to \\< industry This country usually 

scrvalives and some in the glass mdust.N. n» 

P^uces about 20,000 our crop losses duo 

Insecticides arc important, ( 
to insect pests total 52.000,000,000 yearly. 
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The ammunition for attack on insect enemies (and fungi) in 
the United States includes: 


Lead aresnate 
Calcium arsenate 
Sulfur dust 
Lime-sulfur 

Arsenic trioxidc (for grasshoppers) 
Paris green 


45.000. 000 pounds 

70.000. 000 

30.000. 000 

43.000. 000 
1,000,000 
3,000,000 


This great addition of material to fruits, vegetables, and soils is 
alarming and has produced legal restrictions as to the permissible 
amounts on apples, etc., sold in the market. 

Acids of Arsenic. As with nitrogen and phosphorus, so there 

arc two types of acids of arsenic, those of trivalent arsenic and 

those of pentavalent arsenic. The derivation and naming are 
similar. 

The Sulfides. Solutions of compounds of trivalent arsenic re- 
act with hydrogen sulfide to precipitate yellow arsenic trisulfide: 

2 AsC 1 3 + 3 H 2 S 6 HC1 + As 2 S 3 

Compounds of pentavalent arsenic react slowly, even when 
kept almost boiling, to yield mixtures of yellow arsenic penta- 
sulfide, the trisulfide, and sulfur. Both sulfides are oxidized by hot 
concentrated nitric acid to arsenic acid with release of sulfur. 
With prolonged action the sulfur may become sulfuric acid. 

1 he sulfides of the sodium group react with arsenic trisulfide to 
form soluble salts. 

The Thxo-Acids and Salts. On warming arsenic trisulfide with 
sodium sulfide (ammonium sulfide is often used with similar re- 
sults) a soluble salt is obtained. If sodium polysulfide (NaoSo) and 
some Na 2 S arc used, a different soluble salt is obtained: 

/ As-_.S 3 -f 3 Xa 2 S » 2 Na3AsS 3 , sodium thioarsenite 

(As 2 S 3 + 2 Na 2 S 2 + Na 2 S -> 2 Na 3 AsS„ sodium thioarsenate 

The formulas of these salts remind us of NasAsO* sodium ar- 
senite, and Na 3 As0 4 , sodium arsenate. The difference is merely 
the presence of sulfur in place of oxygen. The name thio- is then 
prefixed to the usual name. 



OCCURRENCE 385 

When solutions of these soluble and reasonably stabk : thio- 

salts are acidified, we might expect to get, at least m c ^ l ‘ b ’ 
the free thio-acids from which the salts were denv ed. But prec.pi 
tates of the sulfides are obtained. The explanat.on .s -mple. The 
thio acids are indeed liberated, but decompose at once w.th loss 

of hydrogen sulfide (much like spontaneous loss ^ water from 

-OH groups in oxygen acids) and the s.mplc insoluble 
are left: 


/SNa 

As(^-SNa + 3 HC1 
|| ^SNa 
S 

2 H3ASS4 - 


/SH 

3 NaCl + As-^-SH 


3 H-.S 4- As 2 Sb 1 


Diagram the reactions of acid on Na s AsS s . 

It is important to note that wanning arsenic tr *^} C 

plain sodium sulfide (Na 2 S) ^ P*' 

arsenic, does not oxidize . (NasAsS4 ) in which the arsenic 
sulfide (Na 2 S 2 ) gives us a t 10 - - QS j lhis compound with 

has a valence of five, and on extra sulfur in the 

an acid arsenic £ ^c, giving it the 

,mi “ 

b ap - r £ zzszz rr 

less basic or more acidic < 
dissolve readily in ammonium su 

ANTIMONY , .. 

, _ --.c sulfide, was used as a medi- 

History. before the Christian era. By the 

close °of "the 11 eighteenth century the chemistry of antimony uas 
close 01 tne cigi any other element. 

much better known than < small quan tities, the ele- 

Occurrence. Although o (Sb 2 S 3 ). China practically 

ment is found chiefly as t ie . 000 ‘ with Mexico and 

supplies the world’s annual need of 23,000 tons, 

the United States producing some. 
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Preparation. The sulfide “stibnite” is reduced by heating with 
scrap iron: _ f 

Sb 2 S 3 -T 3 Fe — » 3 FeS -j- 2 Sb 

By another method the sulfide is melted away from the gangue 

or common rock in the ore and is then roasted into the oxide 
which is reduced by hot carbon. 

Properties. The change from the non-metallic nature of ni- 
trogen and phosphorus is noticeable in arsenic, but with anti- 
mony it becomes decided. This element reacts with sulfuric acid 
to form a sulfate of antimony. Here the element plays the part of 
a metal. Yet it is unlike the metals in that it is a poor conductor. 

Antimony is a silver-white, brittle element, melting at 680° 
and boiling at 1440°. Its specific gravity is 6.7. It expands slightly 
on cooling from the liquid to the solid state. Only the oxidizing 
acids attack it and these may form insoluble oxides. In qualita- 
tive analysis it is convenient to remember that antimony and tin 
arc the only metals converted into such insoluble oxides by con- 
centrated nitric acid. Antimony reacts readily with phosphorus, 
arsenic, sulfur, and the halogens. 

Uses. Its chief value is in making alloys, such as type metal, 
lead-antimony grids for storage batteries, bearing metals, and 
o hers. Its property of expanding on cooling makes it essential to 
type metal, for a sharp imprint of the type is desired 

( J,*' ; Xntimony nitrate (Sb(N0 3 ) 3 ), as well as the sulfate 

£ , 1S >St C ° mp,cte, y hydrolyzed, which shows that 

c hydiox.de ol antimony ,s a very weak base. When the trioxide 
s soiled with potassium hydrogen tartrate (KHC 4 H 4 0 6 ) tartar 
emetic is formed. Its formula, K(Sb0)C 4 H 4 0 6 , shows that one 
hydrogen of the acid sal, is replaced by the antimony! group 

knowrTrh , S m " hich ' hiS S fOU P acls like a metal are 

known. 1 his paruclar salt is used in medicine and as a mordant 

in making certain fabrics take up dyes. 

J, h :r hl r dC iS h y droly *ed basic chloride, which then 

loses water, forming the insoluble oxychloride: 

p 

2 HC1 -J- Sb^O[H 

Cl 


JC\ HlOH 

Sb ^-|ci hJoh 

X C1 
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/ OH 
Sb (o’H 
X C1 


H.O + Sb 




7. How could you change from KH,SbO. to potassium mctamimonatc? 

Sulfides and Thio-Salts. Freshly precipitated antimony tri- 
sulfide is orange-red. although when melted it is black 

mineral stibnite: 

2 SbCU + 3 HjS -+ 6 HC1 + Sb ; S 3 

It dissolves in alkaline sulfides like arsenic sulfide. Instead of 
thioarsenic acid we refer to thioant. montc a '^et^Tl e o. da 

tion relations are the same, and spontaneous deet^mpo tion of the 
thio-acids with precipitation of simple sulf.des follou^thc^ame 
rules. Write all the formulas and reactions - 

thio-compounds of arsenic with the substitution ol Sb for As 

they will be correct. See page 384. 

BISMUTH 

Occurrence. Bismuth is much scarcer 
of this group. The element ‘s f°un ^ rcc ai^* - s now 

(BUS*), oxide (Bi 2 0 3 ), and the te un <- i ectro i yt i c refining of 

sssss: rC” i » - - - ■“ 

~r.Xr £££ *- 

oxide with hot carbon is a common me and crystal- 

Properties. Bismuth is *™** ™f£^ tim . It melts at 
line. In color it is silver-^ n < in air wi H burn to the 

271°, boils at 1435 and, a though s ; and dccom- 

trioxide (Bi 2 0 3 ). It unites directly with 

poses steam at a red heat. a nd forms a 

Bismuth may be electroplated on otl,^ ^ ^ ^ for thc 

film capable of taking a alloys it is rather impor- 

elcmcnt alone but in very 

tant. 
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Compounds. The trichloride formed by treating bismuth with 
chlorine or aqua regia hydrolyzes with the precipitation of 
BiOCl. (See the similar compound of antimony.) The nitrate 
(Bi(N0 3 ) 3 ) is hydrolyzed very noticeably, producing a salt used 
in medicine under the name “bismuth subnitrate,” Bi(0H) 2 N0 3 . 
Bismuth medicines now rival mercury compounds in treatment 
of venereal diseases. 

Bismuth Test. Salts of bismuth react with alkaline solutions of 
stannites as shown below. Bismuth hydroxide is first formed : 

2 Bi(OH) 3 + 3 Na 2 Sn0 2 — > 2 Bi + 3 Na 2 Sn0 3 + 3 H z O 

The similar reaction 

Pb(OH) 2 4- Na 2 Sn0 2 — > Pb -f Na 2 Sn0 3 + H 2 0 

is remarkably accelerated, or catalyzed, by traces of bismuth 

compounds. One part of bismuth in 80,000,000 can be detected 

by this test. The reduced lead gives a black color to the solution. 

I csts should be made for comparison with and without the 
bismuth. 

Exercises 

8. A certain copper ore contained 1.5 per cent of arsenic. What weight of 
arsenious oxide could be formed from 211 tons of ore? 

9. What volume of phosphine at 30° and 765 mm. will be obtained by the 
action of an excess of water on 22 g. of calcium phosphide? 

10. How many g. of phosphorus can be made by the electrothermal process 
iroin a ton ol calcium phosphate (70 per cent pure)? 

1 1. What is the molecular formula of arsenic if a liter of its vapor, recalculated 
to standard conditions, weighs 13.7 g.? 

12. What is the leading demand for arsenic? 

13. Calculate the percentage of P,O s in “superphosphate,” Ca(H 2 PO<) 2 . 

14. Explain the Marsh test for arsenic. 
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Chapter <24 silicon and boron. 

GLASS 


SILICON 


Silicon resembles carbon in its valence of four and in the weakly 
acid properties of its hydroxide. It also forms a scries of com- 
pounds remarkably unlike the compounds of carbon, except in 
formulas. For example, SiH 4 is comparable to CH 4 ; SiCl 4 to 
(XU 4 ; and SiHCl 3 (silico-chloroform) to CHCU (chloroform). 
There arc many more such compounds of silicon, but they differ 
from carbon compounds in that silicon atoms will not link up 
with each other in large molecules as do carbon atoms. 

Silicones. Although silicon atoms do not link together in long 
chains like carbon atoms they do form chains with alternate 
oxygen links. 


R 

1 

R 

R 

—Si- 

-O— Si- 

-O — Si — etc. 

1 

R 

1 

R 

1 

R 

arc rep 

resented 

above by R. YV 
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variations in sight. Airplane lubricating oils of this type remain 
fluid at 400 I- above and 50° F below zero. High heat resistance 
of silicone varnishes makes possible far greater power in very 
small electric motors. Silicone rubber gaskets are used in turbo- 
superchargers for planes and another silicone as hydraulic fluid. 
An extremely durable silicone paint for automobiles is being 
developed. 
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THE SILICIC ACIDS 

Silane, SiH 4 , is analogous to methane, while H 3 Si-SiH 3 or 

Si„H« is analogous to ethane, C 2 H 6 . 

Occurrence. Silicon does not occur free but it is the common- 

est element after oxygen. Over one-fourth of the earth s crust ts 

combined silicon. Its oxide (SiO,) is found everywhere as quartz 

or in sand and sandstone. Clay and all common rocks cxcep 

limestone and dolomite are silicates. Silicon ts the central elemen 

in the mineral world much as carbon is in the plant and ammal 

"'preoaration When the dioxide is reduced with carbon in the 
electric furnace', ferrosilicon is produced. It is much used m steel- 

making to remove an bubbles ccm of silicon , has for 

Silicon steel, contammg ^ for lransformer cores and in 

silicon, reststs attack by hot mmc : « - halogens, form- 

P„p„to Sto . » '< 

'« *-* “ * - “ 

melts at 1420°. This colorless gas, formed by the 

Silicon Tetrafluonde, SiF 4 . I h silicatcs in general 

attack of hydrofluoric acid on quart/, 

Si0 2 q- 4 HF — ► 2 HaO + SiF.j 

, with water to form a soluble complex com- 
reacts vigorously uith sUicic ac id formed at the 

pound, fluosihcic acid, H,Mi *• 11 

i v , riMiiovcd by filtiaiion. 
same tunc may be removeu jy 

3 SiF* + 4 H >0 -> H 4 S 1 O 4 + 2 Hk-Silv, 

Silicon tetrachloride, a colorless liquid, also reacts readily with 

" Th’ Silicic Acids Orthosilicic acid is prepared by hydrolysis 
of “ ~ decomposition of silicates whh aci s It ts sue, 

1 .t id that ns ammonium salt nas 



392 


SILICON AND BORON. GLASS 


tion orthosilicic acid is finally converted into its anhydride, silica 
(Si0 2 ). The loss of water is facilitated by heating: 



Orthosilicic 

Acid 



Metasilicic Silica 

Acid SiO» 


Ethyl silicate, Si(OC 2 Hs) 4 , is hydrolized to yield silicic acid 
and alcohol. 

A convenient laboratory method of preparing silicic acid is to 
acidify a soluble silicate such as “water glass” (Na 2 Si0 3 ) : 

Na 2 Si0 3 + 2 HC1 — > 2 NaCl + H 2 Si0 3 

A water glass solution of 1.16 sp. gr. is added to an equal volume of approxi- 
mately 8 per cent hydrochloric acid. With proper precautions the entire mass 
turns into solid jelly, more water being held by the silica than is called for by 
the formula. This jelly may be washed, and then dried in the oven to a fine 

powder (Si0 2 ). In the chapter on colloid chemistry there is more about silicic 
acid. 


Silica, SiO a . Quartz or silica is one of the common minerals. 
It crystallizes in six-sided prisms as rock crystal. 



Fig. 123. Natural quartz crystals. (Courtesy A. E. Miller.) 

Above 87o° quartz is slowly converted into rhombic crystals 
with a density of 2.2, while below that temperature the hexagonal 
crystals with a density of 2.0 g./ml. are stable. One form of silicon 
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dioxide melts at 1756 °, but it is difficult to observe any sharp 
melting point. It softens gradually, due to its great v.scos.ty even 

W The fl Uuice unit is SiO, 1- in all crystalline silicates and m 

quartz crystal. This is a tetrahedron with lour oxygen atoms at 

the corners and a silicon atom in the center. 

Quartz Crystal in Radio and Rada, As a result o the ol 

servation that pressure on crystals sets upsma l ^urren “ ' 

tricity, it was learned that electric stimuli could in turn cause 



.. . - -.r,- transmitted readily inside a qnart/ rod. 

Fig. 124. Heat waves and U*Ul ^ at thc end of a cool rod. (Courtesy 

even around a curve. I In* cl k aI h 

General Electric Company.) 

crystal to expand and contract. Thin wafers sawed from perfect 
crystal to expa .- hcart beats” under such stimuli. 

quartz crystals has (relating to the optical axis), 

frequencies sen, out by broadcasting stations. II ■ "° U 

unscrambling power makes it possible to transmit hundreds 
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messages at the same time over a single telephone wire. Artillery 
range finders, depth-sounding instruments and “radar” in gen- 
eral demand quartz wafers. Brazil has been our chief source of 
supply of flawless crystals. The art of cutting and assembling 
slices developed marvelously under the stress of war. Recendy 
crystals of ethylene diamine tartrate have replaced some of the 
quartz crystals. 

Clear Fused Quartz. Since the coefficient of expansion of quartz is only 
6 per cent of that of ordinary glass it can stand sudden changes of temperature 
without cracking. Its small increase in length with large change of temperature 
makes it suitable for clock pendulums, tuning forks, and thermometers, as well 
as for huge lenses and reflectors in astronomical instruments. Quartz is the 
best solid material for transmission of ultra-violet light. 


The new “ Vycor” glass, 96 per cent silica, softening only above 
1000° C., is made by treating a special glass with hot acid to re- 
move basic oxides as soluble salts, and heating the porous product 
to form a clear solid. 


Water Glass. As the anhydride of an acid, silica reacts with 
bases but not with acids (except hydrofluoric acid). With fused 
sodium carbonate it displaces carbon dioxide, as would any 
ordinary acid. The volatility of one of the products, carbon di- 
oxide, prevents reversal of the reaction: 


Na 2 C0 3 4- Si0 2 — » Na 2 Si0 3 + C0 2 

Water glass is made by heating an excess of quartz sand with 
fused sodium carbonate, the proportions being determined by the 
vanous uses. Water glass is sold in great quantities (450,000 tons 
annually) in the form of a concentrated solution, a thick syrup of 
about 1.38 specific gravity. When allowed to dry it forms a brittle, 
glassy solid. As a salt of a weak acid and a strong base (see Hy- 
drolysis) its aqueous solution has a strongly basic reaction: 

Na 2 Si0 3 + 2 H 2 0 ?=* 2 NaOH -f H 2 Si0 3 

The composition of water glass may be varied from Na 2 Si0 3 - 
SiO, to Na 2 S0 3 • 3 Si0 2 with resultant variation in properties. 

Water glass has a variety of uses. It is the cheapest glue known. The heavy 
cardboard shipp, ng boxes of today arc built up from paper sheets thus glued 
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together. Artificial stone is prepared from small lumps of .tone j«"d 
a water-glass binder. Wood, cloth, and paper are fireproofed with water glass. 

It is a filler and binder in cheap soaps, and a hardener of concrete. 

Sodium mctasilicate, Na,SiOn • 5 H, 0 , is sold in the convenient 

form of a soluble powder. . -i 1 t 

Silicate Minerals. Although it is difficult if not impossible to 

isolate definite silicic acids, salts of several different ones are 

found as minerals: KH]AWSi o,), 

Orthosilicatcs Kaolin, HjAlsfSiOOs- H s O 

(from H 4 Si0 4 ) (Garnet, CajAf^SiO^s 

(Asbestos, CaMg3(SiOj) 4 

Metasilicates (Soapstone or talc, Mg3H a (SiO«)» 

(from H 2 S 1 O 3 ) i Beryl, BcjAl*(SiOj)« 

Disilicates Serpentine, Mg.SitO,^ H.O 

(from HfiSi-iO;) 

Trisilicates Orthoclasc, KAlSi 3 0 8 

(from HjSiaOs) 

In decomposing these silicates for analysis they are powdered 
and fused with sodium carbonate. 

CaSiOa + Na 2 CO, - CaCOa + NatSiO, 

„vrc« of melted soda, while most car- 
The silicates dissolve m a reversible On addition of 

bonates do not, so the reaction » |nto chloridc s. 

hydrochloric acid the car ^ dehydra tcs the silicic acid lib- 
Evaporation of the washc > weighed as pure silica. 

- A - — - 

'rssrrs'. —a; 

silicon atom in the center « calion s in between, arc 

lattice. Planes of these — S1O4 units, si __ 0 — Si 

present in mica and permit its easy ° 

links in common silicates is rcminisccn < 

r , , caused by the industrial hazard of working in 

Silicosis, a disease of the lu u tc „. n iinutc breathing oi air 

silicate dusts, has been great y d ba blv coats the silicate particles 

containing fine aluminum dus, which probabl 

and prevents reaction with moisture in the lungs. 
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Exercises 

1. Write the equations representing the action of hyd -ochloric acid on the 
fusion product just discussed. 

2. How many grams of water glass can be made from 150 g. of pure sand? 
If fused with soda, how many liters of carbon dioxide would be released? 


GLASS 


Glass is a mixture of silicates, usually those of sodium and 
calcium, although many variations are possible. Common glass 
might be considered as Na 2 Si0 3 - CaSi0 3 , but in practice con- 
tains more silica. (Compare with water glass.) Window glass 
is usually Na 2 0-Ca0-6 SiOo. This does not mean that Na 2 0 is 

actually present as such. The formula is merely a convenient 
representation of an analysis. 


In general all glasses consist of a structure in which a small 
positive atom, such as that of silicon, has coordinated with it four 
or more anions to give a lattice which has positive ions located in 
the interstices of the lattice. The lattice formed in a glass struc- 
ture is a completely random arrangement, and on cooling no 
crystallization occurs. The positive ions usually are not fixed in 
the lattice, can be replaced in the structure by leaching processes, 
and can be made to move slightly in an electric field. By consider- 
ing the ionic radii, valence numbers and the bond strengths in 
such structures, one can predict to some extent which combina- 
tion of elements will form glasses. 

In the silica glasses the lattice is composed of Si0 4 tetrahedrals 
"it 1 P oslt * vc ions, Na, Ca, Pb, Al, etc., in the interstices of the 
structure. In phosphate glasses a similar tetrahedral ion, PCV" is 
t e jasis for the lattice. When in combination with aluminum 
oxide no alkali metal ions are required and a very satisfactory 
product is obtained. Phosphate glasses containing iron have a 
wide absorption band in the infra-red and are used as heat 
absorbing filters. Phosphate glasses are somewhat more water 
soluble than silicates, but are quite resistant to HF. Beryllium- 
lithium borate glass is very transparent to X-rays. 

Glass making was one of the earliest arts. Glass beads were 
found in the tombs of the rulers of the First Egyptian Dynasty 
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(5000 B.c.) and glass tear bottles were discovered in the tombs of 

later Pharaohs (about 4700 b.c.). 

Transparent glass came later — during the Hellenic era 

and was under suspicion of being the product of black magic. 

When the Romans conquered Egypt about 23 B.c., they gladly took tribute 
in glass and carried glass-makers to Rome. 


In glass making silicon dioxide, a non-volatile acid anhydride, 
drives out the volatile carbon dioxide from carbonates of calcium 

"LZton Glass. Glass is made by melting sand, lime, and 
soda in a gas-heated furnace. If iron is present as an impurity 
the glass is green. This is the color of ferrous silicate. Since feme 
silicate has a very weak yellow color it is an advantage to oxnhze 
the green ferrous salt with manganese dioxide, loo much ma 
ganese Introduces the amethyst of manganese silicate. Sdemum 
™ replacing manganese dioxide as a color correcton So . o 
low-melting, glass is of the lime-soda type. Hard glass, of hi„hc 
melting point, is prepared by substituting potassium carbonate 
for the sodium carbonate. Until recently red glasses were made 
by addition of gold, cadmium sulfoselenide copper, or antimony 

sulfide but now a red uranium glass ,s available 

Cheaper and purer sodium carbonate produced by the Sob ay 

Pmrcss revolutionized glass making. 

Windows was once made by blowing a ball into a cylin- 
der which was cut open while hot, and allowed to flatten in the 
annealing oven. Bottles are made by blowing the glass m a mold. 
Where window-glass cylinders were formerly blown by the lung 
^wer of Strong men, they are now blown by 

ring is lowered into a batch of molten glass, a bubble s arted and 
then the ring is raised while air is blown into the bubble. As a 
result a' beautiful glowing cylinder forty feet h,g and two^ee 
wide is suspended in the dark factory like a P'Har of l.g • I 
cylinder is lowered to supports, cut open, allowed to 

in general handled like the old six-foot cylinders. 

Flat glass (plate or window) now is made by bang drawn from 
a molten batch by an iron bar three inches wide and six feet long. 
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This bar is attached to flexible metal strips so the slowly moving 
sheet can be run over bending rolls to the flattening table. It is 
finally cut into sheets and acid-cleaned. 

The Owens bottle-blowing machine now does the work of fifty 
men; a single machine makes 10,000 bottles per hour. This rate 

of production is evidently needed, for the United States uses four 
billion bottles yearly. 

Plate glass is cast on a wide iron table, rolled flat, and, when 
cold, ground to remove unevenness and polished with rouge. In 
some factories the plate glass melt is allowed to flow on to a re- 
volving drum and is then passed under a roller, cut into sheets, 
and annealed. 


I he automobile industry has created a demand for plate glass exceeding 
even that of show windows. The possibility of accident and injury from flying 
«lass has led to the use of non-shattering glass windshields and windows. Two 
avers of sheet glass and a middle layer of transparent butyral plastic with a 
suitable adhesive arc powerfully compressed. Under impact the flexible center 
aver holds broken fragments. A similar laminated glass (five layers) is in use 

for bullet-proof windows in bank offices. Such a glass one inch thick turns 
aside machine gun fire at 45 feet. 

Tempered glass, a recent product, is important because it is five times 
stronger than plate, more flexible, better able to stand sudden temperature 
changes, and crumbles but does not splinter when broken. Sudden cooling 
(by air) ol the surface gives this glass its toughness 

3 * 


Optical Glass. Glass for lenses and cut glass must have a high 
nu (‘x of refraction and this property is obtained by substitution 
of oxides ol lead, barium, zinc, cadmium, or magnesium for all or 
part o( the calcium oxide. Oxides of boron or titanium may also 
replace all or part of the silica. Rare earth oxides may be used to 
give low optical dispersive power. 

Resistance glass of the pyrex type contains some boron tri- 
oxide in place of part of the silica. It resists the attack of chemical 
reagents very well and is essential to the laboratory. Since it 
expands very little with heating, it is not likclv to crack with 
sudden temperature changes. This property, with its unusual 
strength, made pyrex glass very popular for baking dishes. 

Glass textiles have recently come into use wholly because the 
filaments are now drawn much smaller than ever before with a 
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resultant great increase in strength. Fibers have been made 30 

miles long without a break. . , 

The average diameter of a single filament is 0.00025 inch, 
but they can be drawn to 0.00005 inch. (Human hair averages 
0.001 inch.) A single filament has a tensile strength of 1,500,000 

pounds per square inch cross-section, but a 60-strand thread has 
a strength of only 17,000 pounds. Two pounds of the finest 

filament would encircle the earth. 

A large market immediately developed for glass fibers woven 

into electric insulating tape, and another market for fluffy 
blanket heat insulation of houses, ships, and locomotives and 
still another for dust removal from conditioned air. Durable 
window hangings and theater curtains arc possible, but glass 
clothes would slightly irritate the skin. These strong fibers can - 
inforce plastics. On one battleship 30 tons of weight were aved 
by subs ituting glass blankets for heavier heat insulation. Broken 
down glass fibers have been incorporated in sound-deadening 
paints to be sprayed on metal. Bullet-proof jackets for some of our 
Enforce" Ire made of fine glass filament fabric animated 
with a plastic. They could stop a .45-cal.bcr pistol bullet 

Glass bricks and hollow tile, tinted and translucent, are now 
available for architectural purposes, tempting us to c c 
softly luminous buildings. Light foam glass also has Us uses 

How we should live without glass is d.flicul, to imagine. All 
factory work would depend on the weather, so that costs would 
rise. Houses would be poorly lighted by day and uathont o 
lamp chimneys or our 900 million electric light bulbs per year 
(in America) Ihcre would be very little study or other reading by 

n ‘ Bottles for milk, medicine, and drinks would be lacking. We 

should know little of the stars and less of bacteria a. I I - £ 
eyesight would go uncorrected. Photography and the motion ,nc 
ture lould be unknown. Perhaps lenses of plastics might be used 

to a limited extent. and 

When Leeuwenhoek in 1675 contrived a crude 

saw bacteria and protozoa in water (“wee beast.es be gave he 

world knowledge of greater importance than the rise and fall 



400 


SILICON AND BORON. GLASS 

empires — yet the world yawned and disregarded his discoveries 
for nearly two centuries. 

Films of metallic fluorides, one-fourth the wave length of light, 
deposited by vacuum evaporation on glass lenses, cut down the 
4 to 6 per cent loss of light by reflection at each air-glass surface. 
The advantage in optical instruments, cameras and movie 
projectors is obvious. 

Enamels are glasses somewhat varied in composition. They 

are made white by suspended tin oxide or calcium phosphate or 

fluorspar. They may contain much A1 2 0 3 , and B 2 0 3 and Sb 2 0 3 
as well as Si0 2 . 

3. How could you make a blue enamel? 


BORON 


Boron, with a valence number of three, belongs with the 
aluminum family and not with tetravalent carbon and silicon. It 
is a more pronounced acid former than aluminum and in chem- 
ical properties is much nearer silicon. Its density is 2.45 g /ml 
and it melts at 2300°. 

Boron, prepared by reduction of its oxide with magnesium, has 
the interesting property of uniting, when hot, with both oxygen 
and nitrogen, but it has, as yet, no great commercial use as the 
free element. Boron is hard enough to scratch rubies. 

Boron has also been prepared as a secondary product of the 
electrolysis of iwsed oxide and a borate. The free clement reacts 
lapidly with chlorine and bromine above 400°. It is also readily 
oxidized to boric acid by nitric acid. 

Boron carbide, Ii,C, a new product of the electric furnace, is 

next to the diamond in hardness. Boric acid is reduced at high 

temperature by pure coke and simultaneously the boron released 
unites with carbon. 

I ts extreme resistance to abrasion makes boron carbide suitable 

for sand-blast nozzles, wire-drawing dies, and jeweled bearings. 

In powdered form it can be compressed in molds, electrically 
fused, and molded to desired shapes. 
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Boron TriHuoride, BF S . Boron trifluoride is a gas, and is 
evolved when boron trioxide is heated with calcium fluoride and 
concentrated sulfuric acid: 

B 2 0 3 + 3 CaF 2 + 3 H 2 SO, — > 2 BF 3 + 3 CaSCh + 3 H 2 0 

It is now much used as a catalyst in many organic reactions, 
especially where water is a product. It may take up the water by 

coordination or by hydrolysis. . , . , 

The metal fluoborates are used in electroplating withiead, 

tin, zinc, copper, and cadmium. Copper fluoborate is Cu(BI 

Boron nitride, one of the hardest substances known, can be prepared by 
fusing together borax and ammonium chloride. 


Occurrence. On cooling the water from certain hot springs 
in Italy, boric acid, B(OH)„ deposits as greasy while crystals. 
Borax, Na ; B 4 O,-10 H 2 0, is found in Death Valley, Ca ‘ ,f “ ' . 
Boracite, a complex magnesium salt, is found in it 
mines. Colemanitc, Ca 2 B.O„ - 5 H 2 0, and rasor.te or kermte, 
Na 2 B 4 0 7 *4 H 2 0, arc plentiful in California, a state ia * s 
most a monopoly on boron compounds. 1 he United States pi - 
duccd 360,000 tons of borates in a recent year, nuu ty p« > 

“ 27 H,V Horic acid, „ «. M. '» 

some hot springs. It is also prepared by acidifying borax solutions. 

NasB.Or + 5 HsO + H 2 SO. - Na 2 SO, + 4 B(OH) 3 

Boric acid in solution is very faintly acid and so its use as a 
mildly antiseptic eyewash is no, complicated by tor* 

Purification of this acid is easy because „ is volatil. 1* 
Identification is also easy since i, imparts a green cota to . gas 



pcTf™ r.,: andyddde B.O. — i, a I, 

solid melting at about 1 300 : 


h 3 bo 3 

100 ° 


HBO* 

140° 


H 2 B,0 7 -> B*0 3 
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The non-volatile acidic anhydrides such as Si0 2 and B 2 O s are 
very useful at high temperatures. For example: 

Na 2 S0 4 4- B 2 0 3 — > 2 NaB0 2 + S 0 3 f 

This reaction seems strange, for H 2 S0 4 is a stronger acid than 

H 3 BO 3 , but the reaction proceeds effectively because S0 3 is vola- 
tile and B 2 0 3 is not. 

Borax, Na 2 B 4 0 7 - 10 H a O. Borax can be made by the addition 
of sodium hydroxide or carbonate to boric acid, although this is 

not the method commonly used : 

# 

4 H3BO3 4 2 NaOH — 7 H 2 0 + Na 2 B 4 0 7 

Since borax precipitates Ca++ and Mg-*-*- ions from hard water 
and its solution is strongly basic (by hydrolysis) it is useful in 
softening water and in cleansing. As a flux in soldering it has 
another use. The formula might well be written as 2NaB0 2 - 
B..O3, which shows that borax is really sodium metaborate with 
the acid anhydride. When melted between hot metal plates, as 
in welding or soldering, this acid anhydride reacts with metallic 
oxides (rust) to form easily fusible slags which are squeezed out, 
leaving clean metal surfaces for good contact. Borax beads used 
in the analysis of metallic compounds may form, when heated, 
metaborates of characteristic colors (blue with cobalt, etc.). 
Borax is used in glass, soaps, pottery, and enamels, in canning, as 
a preservative, and as an antiseptic. Half of the total amount 
consumed goes into pottery and enamels. 

Borax solutions turn turmeric paper brown. Acidified borax 
colors a gas flame both yellow (due to the sodium) and green 
(due to the liberated boric acid). 

Borax is used for snow on indoor ski slides. 

Sodium Perborate, NaB0 3 4 H a O. Borax reacts with cold 

sodium hydroxide and an excess of hydrogen peroxide to form 
a perborate. 

Na.B.O; + 2 NaOH + 4H : 0.-4 NaBO, + 5 H.O 

It is a valuable bleaching agent, antiseptic, and bactericide, due 
to its easy hydrolysis in water with release of hydrogen peroxide. 
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The formula may be written, Na — O O B=0, sometimes 
called sodium peroxyboratc. 

In one commercial process sodium perborate is prepared by 
electrolysis of a mixture of borax and sodium carbonate equiva- 
lent to sodium metaborate, NaB0 2 , 4 H 2 0. The hydrogen 
peroxide formed by electrolysis of this solution reacts with sodium 

borate to form the perborate, NaBC>3- 

Exercises 

4. Hot boron unites with nitrogen to form a white solid. What must be the 
formula and name? What similar compounds have been studied. 

5. Why is silicon so tremendously important in compounds? Has the free 
element any uses? 

6. Calculate the percentage composition of orthoclasc (KAISi.O,). 

7. What weight of water of hydration can be obtained from 61 7 kg. of borax ' 
What is the percentage of water in the crystal ? 

8. What type of glass is used in baking dishes? 

9. For what uses is quartz superior to glass? 

10. Why are glass fabrics useful? 

1 1. How much sodium silicate can be made from 800 kg. of sand (90 per cent 
pure quartz)? 

12. How is “non-shattering glass" manufactured? 

13. Is silicon the central element in all glasses? 
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Chapter 33 colloid chemistry 


Strictly speaking, there are no such things as colloids, for most, 
if not all, substances can be prepared in the “colloidal state.” 
However, the term colloid is too convenient to drop. 

“Colloid chemistry,” writes Bancroft, “is the chemistry of 
grains, drops, bubbles, filaments, and films.” By grains we mean 
small solid particles. Drops are small liquid particles, and bub- 
bles small gas particles. In filaments, all dimensions but one are 
very small, while in films only one dimension is small. These 
particles must be surrounded by, or dispersed in, some other 

substance or another form of the same substance. “Colloidal 
dispersion” is a useful phrase. 

But after all we are interested colloidally in grains, drops, fila- 
ments, and films only when they are sufficiently small, of diam- 
eters ranging from about 200 m/z to 1 m/z. (A millimicron, 1 m/z, 
is one millionth of a millimeter.) The smallest particle resolvable 
with the aid of the best microscope is about 100 m/z in diameter, 
while the largest molecules approach a diameter of 1 m/z. Most 
colloidal particles arc aggregates of hundreds or thousands of 
molecules. When colloidal units or aggregates coalesce into still 
larger aggregates they may be precipitated from suspension. 
Unless such coagulated material becomes distinctly crystalline on 

standing, we are in the habit of calling it colloidal, as in the case 
of cheese, for example. 
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Grains 


COLLOID CHEMISTRY 

I Gold in ruby glass 

Dispersed in another solid Sodium in blue rock salt 

! Elements or compounds in some alloys 

I Colloidal gold in water 
^Colloidal selenium in water 
j Dust 

l Visible smoke 


Dispersed in a liquid 
Dispersed in a gas 


Drops 


Bubbles 


Dispersed in a solid 
Dispersed in a liquid 
Dispersed in a gas 

Dispersed in a solid 
Dispersed in a liquid 
i Dispersed in a gas 


Water in butter 


j 

\ 

joil-in-watcr emulsions (milk) 

(Mist 

\Fog 

(Air in meerschaum 
(Air in pumice stone 

| Foam 

Impossible because gases form molecular 
mixtures 


Filaments jAny solid fibrous material may contain filaments of minute diameter 

(Films may be liquid or solid, but they must be very thin; soap 
Films ^ bubble films have one colloidal dimension 

New properties of matter appear when a given substance is 
colloidally dispersed. The effect of gravity is counteracted some- 
what, while surface tension, electric charge, and other forms ol 
energy increase greatly. Gold, yellow in the mass, may be dis- 
persed in water to form what is apparently a blue solution. \V , h 
still finer dispersion it is red, when i. is jus, short of molecular dis- 
persion. The brightest red particles of colloidal gold are about 

6 m/i in diameter. 

It may be stated with reservations that acids, basts, sal 
sugars, and crystalline substances in general are moleculai ly d. - 
persed in water solution, while the glues, gums, resins, staic 
cellulose, rubber, and non-Crystalline substances ,n general are 

colloidally dispersed in suitable solvents 

Yet this statement must be qualified, for m alcohol the com- 
mon soaps are molccularly dispersed in true solution, while m 
cold water they are colloidally dispersed, each particle being 
composed of many molecules, ions, and water. 


406 


COLLOID CHEMISTRY 

The dye called Congo rubin in true solution in water is red while the portion 
precipitated by salts, and settling very slowly, is blue. Mixtures of the two 
colors are violet. Warming the blue solution turns it red but on cooling the blue 
colloidal form reappears. 


Many substances previously called amorphous (non-crystal- 
line) and colloidal have recently shown an ultramicrocrystalline 
structure under the searching eye of the X-ray. However, this 
makes no difference in our definition, for the colloid conception 
is now solely that of size of particle. 

Why Colloidal Particles Remain in Suspension. Gold is 
much heavier than water, yet red gold-suspensions-in-water have 
been kept for many years without settling. There are at least 
thiec good reasons for the stability of ordinary colloid suspensions. 
These arc the Brownian movement, the presence of electric 
charges on particles and of protecting films around them. 

I. Brownian Movement. Water molecules, always in constant 
motion when above absolute zero, bombard the suspended par- 
ticles of colloidal gold from all sides. The gold particles are 

moved some distance, of course, 
but when such particles are 
large enough to be visible to the 
unaided eye, this motion is too 
slight to be of much help and 
the gold settles rapidly. But gold 
aggregates under 100 m/j. in 
diameter are projected appre- 
ciable distances by the water 
molecules. This vigorous stir- 



ring effect is perpetual. Under 
the lens of the ultra-microscope this Brownian movement is 
startling. The gold particles dart with zigzag motion in all 
directions (Fig. 125). At this point the observing student 
remembers that colloidal gold particles arc not visible under the 


microscope. How, then, is this motion apparent? The suspension 
is examined in a dark field while a strong beam of light entering 
at right angles to the line of vision makes the gold particles vis- 
ible as mere points of light without apparent diameter. This 
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Brownian movement furnishes convincing proof of the reality 
of molecules, for it is the molecules that do the bombarding. 

The suspended colloid particles must have kinetic energy of 
their own just as truly as have the molecules, but, being heavier, 
their actual motion is less. 

2. Electric Charge. Most colloid particles in suspension move 
slowly in an electrolytic cell as if attracted by the charged poles, 
and they arc coagulated into coarse aggregates on contact with 
the attracting poles. This means that the particles are electrically 
charged bodies. In some suspensions, such as arsenic sulfide, all 
the particles arc attracted to the anode, hence arc negatively 
charged. Ferric hydroxide particles are all positive. Particles 
bearing like charges, free to move, must repel each other, thus 
tending to remain scattered or suspended throughout the liquid. 

3. Protecting Films. A film of gelatin or of any one of various 
gummy substances can surround each suspended particle so that 
the particles have difficulty in touching. Under such conditions 
coalescence into aggregates loo large for help from the Brownian 
movement is difficult. Any influence tending to keep the aggre- 
gates small aids stability. 

Methods of Preparation. Reaction between dissolved sub- 
stances may yield precipitates or may yield colloidal aggregates. 
In the latter case colloidal suspensions arc formed by condensation 

of smaller particles into larger ones. 

Dispersion methods are the exact opposite of condensation 

methods: larger particles arc broken down into smaller. 

Dispersion Methods. 

1. Mechanical Disintegrations. The simplest method in pr.n- 
ciple, but not always suitable in practice, is fine grinding Most of 
the modern “colloid mills” have two parts rotating (high speed) 
with very small clearance. Solid particles a wet slurry a, e dis- 
integrated - but not so finely as to give particles o 1 to 0(1 mji 
dimensions. Consequently these “colloid mills, although useful, 

arc wrongly named. . 

2. Peptization by Liquids. By peptization we mean disintegra- 
tion into colloidal particles through the action ol some addc 
chemical. Water has long been used as a peptizing agent ,n dts- 
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solving glue, gelatin, agar, and such substances. In reality, the 
glue or gelatin is not dissolved in the true sense of molecular dis- 
persion, but is only colloidally dispersed. Hot water has a more 
rapid peptizing action than cold. Acetone is said to dissolve 
pyroxylin but it only peptizes the solid. 

3. Peptization with Ions. Colloid particles have an ability to 
hold to their surfaces (to adsorb) other substances, even ions. A 
given surface may have a preference for certain ions and thus in 
one case acquire a positive charge by holding a positive ion, 
charge and all, while another kind of colloid may choose to 
acquire a negative ion and charge. This reminds us of one of the 
reasons for stability — like charges on the particles with conse- 
quent repelling or stirring action. It is thus evident that a colloid 
may be stabilized, kept in suspension, by adsorption of ions. 

Silver bromide formed in the presence of a slight excess of Ag + 
ions fails to precipitate. The adsorbed Ag+ ions give their posi- 
tive charge to the silver bromide particles, 
thus suspending them. With a slight 
excess of Br~ ions the suspension is 
negatively charged, due to preferential 
adsorption of negative Br~ ions. 

1 he enormous ceramic industry deals 
largely with the colloidal nature of clays. 
To mention a single point, wet clays to be 
poured into molds for making heavy por- 
celain objects must carry a good deal of 
water. But in drying and baking this wet 
clay there is great shrinkage and distor- 
tion. Obviously if the desired fluidity 
could be secured with less water there 
would be less warping. A very little sodium 
hydroxide makes this possible. Adsorption 
of hydroxide ions peptizes the clay so that 
it flows as well into molds as if it con- 
tained much more water. 

*7 Emulsi fi cation - ° nc lic iuid may be dispersed in a second 
(if they are immiscible) by mere shaking or stirring, but such 



Fig. 126. Homogenizcr 
for reducing the size of 
droplets in emulsions. 
The spring is set so that 
the needle valve is forced 
open when liquid enters 
at a pressure of 2000 
pounds. 
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dispersions, or emulsions, are temporary, quickly separating into 
their components. To make emulsions is easy; to keep them is 

difficult. 

Shake water and kerosene together. On standing, the high surface tension 
of the water drops pulls them into one big drop or layer because of the tendency 
to expose the least possible surface. By lowering this surface tension of water 
the emulsion should keep longer. Shake kerosene with a 1 per cent aqueous 
solution of sodium oleate (a soap which greatly lowers the surface tension of 
water). A thick, creamy emulsion of drops of oil dispersed in water results and 
keeps fairly well. As in the case of milk, an emulsion of fat globules in water, etc., 
a cream slowly separates. This is merely a layer of a richer emulsion above a 

poorer one. 

Now add any acid to this emulsion. It breaks because the added acid dc- 
stroys the soap, the emulsifying agent. Other emulsifying agents than soaps arc 
possible. Gelatin, 0.4 per cent, can be used for kerosene -in -water. Gum arable 
is useful and, with the proper liquids, cellulose nitrate will serve. Mayonnaise 
is an emulsion of olive oil in water (or vinegar), with the colloidal protein of 

the egg as emulsifying agent. 

By slowly adding an oil to soapy water with vigorous agitation, 
Pickering made an emulsion of 99 per cent oil (as separate drops) 
and 1 per cent water (films between the drops). 1 Ins emulsion 
when cut into a cube retained its shape. 



Fig. 127. Two types of emulsions. 


Surface tension lowering as by soap in water olten exerts con- 
siderable influence in emulsification. Concentration ol the emu - 
sifying agent into adsorption films around the drops is usually the 

leading factor in preventing coalescence. 

Oil-in-water emulsions result when the emuls, lying agent is 
dispersed in the water, but water-in-oil emulsions are formed 
when the agent is dispersed in the oil. Emulsion paints, fast 
drying, are now largely used for interior work. 
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Condensation Methods. 

5. Reduction. Salts of gold, silver, mercury, platinum, and 
palladium in water are easily reduced to the free metal. Under 
favorable conditions beautiful suspensions form. Very dilute gold 
chloride solutions made neutral by a trace of potassium carbonate 
are reduced very easily. 

Mix 2 ml. of 1 per cent gold chloride solution with 98 ml. of water. Dissolve 
0.5 g. tannin in 100 ml. water. Heat both solutions and mix equal parts, 
adding one to the other rather slowly. A clear red or blue suspension results. 

6. Formation in Low Ion Concentration. A familiar reaction is 
that between hydrogen sulfide and arsenic trichloride: 

(1) 2 AsC 1 3 + 3 HoS -> 6 HC1 + As 2 S 3 

The yellow sulfide settles out quickly. Yet if some arsenious oxide 
is boiled in water and the solution filtered, any addition of hydro- 
gen sulfide fails to yield a precipitate. A lemon-yellow suspension 
is obtained : 


As 2 0 3 + 3 H 2 S — >3H 2 0 + As 2 S 3 

The essential difference between (1) and (2) is that in (1) the 
by-product is an acid which ionizes, while in (2) the by-product 
is only water. Addition of a little hydrochloric acid or even some 
salt to the yellow colloid suspension coagulates the sulfide, with 
consequent quick settling. The suspended particles are negatively 
charged, and it is obvious that this charge could be neutralized 
>y positive ions, such as hydrogen, sodium, and others. Loss of 

^ t remain suspended. 

To secure a suspension of any insoluble salt, while it is forming 
t lere is required an absence of oppositely charged ions or at least 
a very low concentration of such ions. 


7. Hydrolysis. If into a beaker of boiling water a few ml. of 
30 per cent ferric chloride arc poured, a rich red colloidal suspen- 
sion of ferric hydroxide forms instantly. This is a useful prepara- 
tion because it is a typical positive colloid and keeps a long time. 
Hydroxides ol aluminum and chromium may be made, but not 
quite so easily. Other methods are preferred for them. 


FeCl 3 + 3 HoO <=> 3 HC1 + Fe(OH) 3 


DIALYSIS 


411 


Dialysis. Making colloidal dispersions is one matter, keeping 
them is another. Since ions of opposite charge tend to coagulate 
suspensions, a measure of safety should be secured by removing 
these ions. Fortunately there is a method for accomplishing this, 

namely, dialysis. 

Many membranes, such as bladder, intestine, peritoneum, 
cellophane, parchment paper, egg skin, and the like, are perme- 
able to water and ions but not to the larger aggregates known as 

colloids. 



To show dialysis quickly, tic a sheet of goldbeater’s skin or wet parchment 
paper free from pin holes around a large one-holed cork through which passes 

a funnel for filling purposes. In a large beaker of 
water suspend the parchment bag filled with 
cold, freshly made colloidal ferric hydroxide. 

This is a mixture of water, colloidal aggregates of 
ferric hydroxide, and the ions of hydrochloric 
acid. The smaller ions and molecules pass out 
through the membrane, and if the outer water 
is frequently changed they are almost completely 
removed, leaving only ferric hydroxide suspended 
in water. The last trace of ions is often difficult 
to remove and even may be necessary to the 
stability of the colloid. 

In trying the experiment with colloidal ferric 
hydroxide, samples of the dialysate (correspond- 
ing to filtrate) should be removed in a few 
minutes, and tested with silver nitrate. I he 
passage of chlorides through the membrane is 

ir> rapid. c ailsa „ c _Skin Dialyzers. I he development of artificial sausage 

mm™.., ^ ^ “ 

most convenient m fo - lhickcr wall may be obtained. The 

but a large size (about r> cm.; 

CO* is low. Purchase from .he V, skins Corpora.™, 6733 West 

C c3one end of a sausafie skin by .ying a .1*1. . kno. with strong cord, 

insert a funnel of a convenien. length in .he other .nois.encd end and pou. rm 

. ^ \\,AA Mil lie the upper end around a glass rod, or insert 
any conven.cn. collo.d so PI Hang i, in a vessel of pure 

a cork stopper m ,. and up -r. m > ^ mcmbran( , 

water, and observe the passage oi ions b 


IUO Frequently Changed 

•f 4 


Fig. 128. Purification of a 
colloid suspension by di- 
alysis through a sc mi perme- 
able membrane. 


412 


COLLOID CHEMISTRY 


Classification. Suspensoids, like gold, are easily coagulated by 
very small quantities of electrolytes and have a viscosity but little 
more than that of the liquid in which they are dispersed. Emul- 
soids, water suspensions of gelatin, agar, glue, starch paste, soaps, 
egg albumin, silicic acid, and the like, are coagulated only by 
relatively large quantities of salts and are extremely viscous. A 
1 per cent suspension of agar in water is a solid jelly at room tem- 
peratures as is a 1 per cent suspension of sodium stearate soap. 

Adsorption. A cube 1 cm. on edge has a surface of 6 sq. cm. 
If subdivided into smaller cubes, each only 100 m/x on edge, the 
total surface is 600,000 sq. cm. and there are 10 15 particles. If 
further subdivided into the colloidal realm of 10 m/x on edge, the 
total surface becomes 6,000,000 sq. cm. In number the particles 
have grown from one to 1 0 18 . This vast increase of surface mag- 
nifies all surface influences. Adsorption has already been men- 
tioned as a holding of various substances to specific surfaces. The 
adsorptive power of a definite weight of carbon, for example, may 
be vastly increased by subdividing the carbon. Bone charcoal is 
used in sugar refineries to decolorize sugar syrup by adsorption of 
coloring matter. A sugar refiner buys this carbon for its surface, 
so size of particle means something to him. 

Adsorption of toxic gases by coconut charcoal is familiar to all 
after the experiences of World War I. Yet the application of the 
principles of gas adsorption by activated carbon, silica gel, etc., 


is now a peace-time matter of great commercial importance. 
Silicic acid, formed as a gel, washed, and dried to a content of 
^ per cent water, is a glassy material shot through with innumer- 
able capillary pores of diameter not much greater than that of 
molecules. In these capillary pores gases are brought well within 

the range of molecular attractive forces, and so are held or 
“adsorbed.” 


Adsorbent carbon has certain advantages over silica gel, and, 
at present, has considerable industrial use. 


The tenacity with which glass vessels retain a film of air when evacuated, 
even at elevated temperatures, shows us that a layer of gas molecules may be 
powerfully adsorbed by solid surfaces. 


ADSORPTION 
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Carbon black may occupy only five per cent of its own apparent volume, 
the rest being adsorbed air, and air free to move between particles. 

Silica gel and activated alumina dry gases by their own capil- 
larity, condensing water vapor in their submicroscopic capillaries 
far more readily than they do gases such as oxygen and nitrogen. 

ADSORPTION OF GASES BY ACTIVATED CARBON 
(On 1 g. at 1 5° and Atmospheric Pressure) 


so 2 

NHj 

co 2 

o 2 


boil. pr. 

- 10 ° 

-33.4° 

-78.5° 

-183° 


ML. ADSORBED 

380 

181 

48 

8 


Remy offers this table as evidence that vapors and gases are 
adsorbed the more readily the nearer their boiling point to the 
temperature of the charcoal. If the temperature of adsorption (in 
this case mainly capillary condensation) wcie brought down 
within 25 °, for example, of the boiling point of oxygen this gas 

also would be splendidly adsorbed. 

Decolorizing charcoals or carbons are made from bones, coco- 
nut shells, lignite, husks, peach-nut shells, cane trash, cobs, corn 
stalks, peat, coals of various kinds and many other vegetable 

materials 

By preferential adsorption these ultra-porous carbons ("ac- 
tivated carbons”) remove color from sugar syrup, tastes and 
odors from water (even an excess of chlorine), recover volattle 
solvents from the air of certain factories, capture gasolmc from 

natural gas, and are generally useful. 

In one experiment the complex ammonia tons ol copper were 
so strongly adsorbed by silica gel that traces of copper could not 
be found in the supernatant liquid above the gel, even two years 

after the adsorption. 

Because of the deep blue color of the Cu (NH,)," ions and the white ap- 
pearance of a column of silica gel powder a convincing lecture dcmons.rat.on 

of adsorption is easily managed. 
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Adsorption may be considered a concentration of dissolved or 
dispersed substance upon the solid or liquid or gaseous adsorbing 
surface. 



Solution 


Powder, 150 mesh 

(A1 2 0 3> SiO t , C, etc.) partly 

filling a glass tube. 

Band of substances most 
strongly adsorbed. 


Band of substances less 
strongly adsorbed. 


Band of substances least 
strongly adsorbed. 

Mat of cotton or thick filter 
paper, etc. 


Perforated disk. 

Filtrate. A solution of sub- 
stances not adsorbed. 


Fig 129. Adsorption column for Chromatographic Analysis. Useful in separating 

TiJ r.r r ,niXCd in SO,U,ion - Watcr ’ petroleum. Other! 

alcohol, and other solvents are used. The bands, visible if colored, may be washed 

down and through the column by pure solvent or by a better solvent. 


Soap Cleansing. The cleansing action of soap is in part an 
adsorption phenomenon. Soap in water is colloidally dispersed 
and so exposes great surface. It has a strong adsorptive power 
towards dirt, and carries dirt away on the surfaces of its 
particles. 
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Furthermore the great lowering of surface tension of water and 
increase in wetting power caused by soap permits the soapy water 
to slip in between particles of dirt and fabric, etc., thus loosening 
dirt. The froth helps to carry off this dislodged dirt. II oil and 
grease are present they are emulsified on rubbing and float oil as 

minute droplets. 

Coagulation. In general the suspensoids arc coagulated by the 
addition of oppositely charged ions. The divalent ions are lar 
more than twice as effective in precipitating power as the mono- 
valent ions, while the trivalent ions are hundreds ol times as 
effective. This enables us to recognize the charge on a colloid. 

Test the precipitating power of 0.05 molar solutions of NaCI Na,SO., 
BaCh, and MCI, on such typical positive and negative colloids as ferric hy- 
droxidc and arsenic sulfide. Add the salt solutions slowly. If the d, talent 
sulfate ion has the highest precipitating power, the colloid must be opposite in 
charge namely, positive. If. on the other hand, tin- trivalent aluminum ion 
has the greatest precipitating power, .he colloid must have an opposite charge, 

negative. 

Hardy observed that a colloid was most unstable at the iso- 
electric point. This point was recognized by a failure to migrate 
in an electrical field (electrophoresis), showing electrical ncu- 

‘imokes and mists owe much of their stability to their electrical 
charge and to adsorbed films of air or other gas. Hence Colt tel s 

high-voltage electro-precipitation method is o gre< 

recovery of smelter fumes and acid mats and tn removal of dust 

from air of home or factory. r _ 

Protective Colloids. Gelatin is a protective collotd and form 

Cl 1 mrtirlcs of silver bromide so they cannot 

a film around separate particles 01 mi 

i i 'i'i n*c#* nrotective colloids aic all 

touch each other and coalesce. I I • 

.. hf-nn- the order to destroy all organic matter 
EJSSTSSt Desired precipitations might casi.y he 

Hot— 

don of sodium stearate soap a translucent so td called a jt y 
gel results if the soap concentration is about 1 per cent o o, 

A 1 per cent hot gelatin solution -‘sets to a jelly on tooling, a. 
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does a 2 per cent agar solution. There is some sort of regular 
structure of filaments, honeycomb or flattened coalescing spheres 
of highly hydrated material, in the aqueous jelly. At any rate 
electrolytes and many other substances diffuse through jellies with 
astonishing ease. The term hydiated applies only to water systems. 
Jellies made from other liquids are known and they are de- 
scribed by the broader term solvated. 

The highly hydrated tissues of the body are gels. Protein is 
capable of swelling in water, of taking up the water, especially in 
the presence of a little acid or base. Accumulation of acid in the 
body through disease may show its effects in undue swelling 
(oedema) of certain tissues. Without doubt the colloid chemistry 
of protein is of great importance in medicine. 

Fruit jellies afford a familiar example of hydrated tissues. 
Pectin (a carbohydrate found in most fruits), sugar, and acid 
(with water) are essential to the formation of fruit jellies. Color 
and flavor are incidental. Apples are so rich in pectin that if this 
constituent is lacking in a given fruit, apples (or the white rind of 
citrus fruits) may be added. When acid is lacking in the fruit, 
sour grapes or lemon juice are often added. 

aU0h0 !” fueI ma y bc Prepared by quickly mixing about 85 volumes 
of 95 per cent alcohol with 1 5 volumes of a saturated aqueous solution of cal- 
cium acetate. The mixture "sets” to a solid jelly instandy. Cubes of it may be 
burned under a chafing dish. The commercial product is a cellulose estcr- 


The most effective incendiary bombs we have used contained 
an oil jelly of mixed aluminum soaps that shattered, burning 
over a 'vide area. The best flame throwers used some jellied 
petroleum which was projected as burning slugs. 

Soaps. The alkali salts of oleic acid and of stearic, palmitic, and 
the other fatty acids are the soaps we commonly use. These soaps 
hydrate heavily. As a result commercial soap, although sold in 
solid cakes, contains surprising amounts of water. Soap" flakes are 
dryer. However, the alkali salts of the unsaturated acids, such as 
oleic, hydrate much less than those of the saturated acids such as 
palmitic and stearic. In other words, a cake of soap made from 
cottonseed oil (liquid unsaturated fats) may contain less water 
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than a similar cake made from hydrogenated cottonseed oil (now- 
saturated with hydrogen). Soaps of the type of sodium oleatc 
{genuine castilc) disperse better in cold water than do soaps of the 
saturated sort, such as sodium stearate or palmitate, and there- 
fore cleanse better at ordinary temperatures. Naturally sodium 
oleate is preferable for toilet use. In the very hot water of laun- 
dries sodium stearate and the rest of its class are at their best. 
Soaps of calcium, magnesium, lead, and of all but the alkali 
metals hydrate very little, do not disperse well in water, and arc 
therefore “insoluble.” They are useless for cleansing. Lithium 

stearate docs not disperse in water. 

In soaps the colloidal properties are due to the long-chain 

anions - and their tendency to form colloidal aggregates - yet 
there are other colloidal substances in which it is the long-chain 
cation that performs a similar useful role. Synthetic detergents 
of this and other types now compete with soap. 

Froths and Films. Adsorption films around the drops in emul- 
sions have already been discussed. Films have, of course, but one 
colloidal dimension, thickness. When oleic acid, for example, dis- 
solved in a volatile solvent, is poured on to the surface of water, it 
spreads, if permitted, to a film only one molecule thick. 

Ore Flotation. A great increase in the amount of copper and zint 
from their sulf.de ores is secured by the flotation process An oily fro 1 by 
selective “wetting ” floats the finely grouped particles of the mineral sulfides, 

while the waste rock, selectively “wetted” by water, sinks. Over ““ 

of ore are “floated” annually. Flotation froths arc made sem.-plas.ie by .her 
coating of finely powdered sulfide ore, which adheres to the o.l film 

Froth flotation is also applied to the concent, ^ at, on of many non-mc, all, c 
minerals such as phosphate rock, coal, and feldspar. 

A film of magnesium fluoride, in thickness one quarter the 
wave length of light, deposited on the surface of glass lenses cuts 
down the loss of light by surface reflection and eliminates 

glare. f 

Wetting of Solids by liquids is a phenomenon of great impor- 
tance. Dye solutions must spread through or “wet textiles uni- 
formly and rapidly or the goods look spotty and uneven. A light 
skein of dry cotton sinks in cold water after an hour or so, yet ,f 
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only 0.2 of one per cent of isopropylnaphthalene sodium sulfonate 
or of Aerosol O. T. is added to the water the cotton sinks in a few 
seconds. 

Sprays of fungicides must wet the green leaf which is to be 
protected, insecticides should wet insects, cattle dips should wet 
cattle hairs in order to reach the skin, and all sorts of liquids are 
called upon to wet all sorts of surfaces. 

Some effective wetting agents are prepared by reducing long- 
chain fatty acids to alcohols which are then sulfated and neutral- 
ized with sodium carbonate. They even 
improve the absorptive capacity of 
towels, cleansing tissues, and blotting 
paper. “Wetter water” is a phrase with 
meaning. Sulfur powder floats in plain 
water but sinks at once in water contain- 
ing 0.1 per cent Aerosol O. T. 

Platinum wires form good air-tight seals in glass because glass, 
softened in the flame, “wets” platinum well. The General Electric 
Company saved 57,500,000 yearly by substituting small copper 
or cobalt tubes (filled with a Ni-Fe alloy of the same coefficient of 
expansion as the glass). Glass wets the copper or cobalt surface 
just as well as it wets platinum and adhesion is excellent. 

In the first mercury-power turbine there was poor contact of 
mercury and steel of the boiler because the liquid mercury 
failed to wet the steel well. A trace of titanium (lowering inter- 
facial tension) cured the trouble. 

Monomolecular Films. Although a drop of a liquid hydro- 
carbon floats on water as a lens there are large numbers of oils 
which when placed on water spread out to form extremely thin 
films of the order of 10~ 7 cm. thick. It is found that the general 
characteristic of all such substances that spread is that they con- 
tain in their molecules certain groups of atoms which have an 
affinity for water and are therefore called hydrophilic. Some com- 
mon groups of this polar type arc the —OH group and the 

COOH group. If such a group is substituted for one of the 
hydrogen atoms in each of the molecules of a lower hydrocarbon, 
the effect is to increase the solubility of the substance in water. 





Fig. 130. A small amount of 
a hydrocarbon oil docs not 
spread readily on water but 
takes a lens form. 
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The substances that spread as thin films upon water arc thus 
substances whose molecules form a composite surface, most oi the 
molecule (the hydrocarbon group) having very little affinity for 
water, thus being hydrophobic , while another portion of the molt c - 
ular surface (—OH, — COOH, — NH,, etc.) is hydrophilic. By 
spreading on the surface of the water, the molecules can thus 
arrange themselves so that the hydrophilic portion of each mole- 
cule comes into contact with water without bringing the hydro- 
phobic portion in contact with the water. In the common fatty 

Air 



Fig. 131. Orientation of a fatty acid in the surface of water as a monoraolccular 
61m. The water-soluble polar group is attracted by the polar water, w h,lc the long 
hydrocarbon part of the molecule is repelled as insoluble. 


acids (palmitic, stearic, oleic), the —COOH group is at the cud 
of the long chain of carbon atoms. Thus when the molecules 
spread over the surface of the water, they become oriented tin the 
water so that they arc approximately vertical with theu heads 
(hydrophilic groups) in the water and their tails (hydiophobic 
groups) packed side by side above the layer that contains the 

heads. . . r 

By measuring the minimum volume of oil required to form a 

film just covering a given area, the thickness of ,hc film can be 

calculated. This minimum thickness is evidently the length of the 

molecules, since these arc arranged nearly vertically m the film 

From such experiments it is possible to calculate the Ic ngt i an 

cross section of a polar molecule. 

Smokes and Dusts. In one ml. of thick smoke there may he 

5,000,000 solid particles. If magnified 1,000,000,000,000 tunes 

each particle would be 0.6 cm. in diameter and placed two fict 

from the others. 
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Filtration of dust or smoke-laden air through cloth bags (bag 
filters in the zinc oxide industry) or through felt or porous paper 
as in the gas mask is reasonably effective if the fibers are long, 
forming spiral paths. Glass-fiber mats are also used. Toxic 
smokes in warfare are stopped by a layer of felt in the gas mask. 

City fogs are persistent because of a film of soot or tarry mate- 
rial (from coal smoke) on the outside of each drop. This checks 
evaporation. On a single square mile of some of our large cities the 
fall of dust and smoke in a year is as much as 1 500 to 2000 tons. 

In some factories, where dust interferes seriously with the 
quality of products, electrical precipitators remove this dust from 
air very effectively. 

The dust-laden air passes through a set of fine wires charged 
to 15,000 volts by direct current. Dust particles take this charge 
and are discharged against a series of grounded metal plates. 

Smelter fumes are treated in this manner and if the ores carry 
arsenic it is precipitated, and recovered, as the trioxide. Some 
cement kilns reduce dust losses by this device. 

Ultra-high frequency sound waves also precipitate dusts and 
fumes. 

Soils. The productivity of a soil is closely related to its colloid 

content. Weathering of feldspar yields much colloidal material 

in the form of alumina and silicic acid. This, with colloidal 

hydrated oxides of iron and with humus, gives soil the proper 

physical condition. Humus is an indefinite mixture of organic 

substances, the debris of bacteria, plants, and animals. It acts as 

a protective colloid tending to keep much of the soil in the 
hydrosol state. 

Exercises 

1. Why do the heavy particles of red colloidal gold not sink in water? 

2. How could you remove the negative charge from a negative colloid? 

3. Why do some precipitates run through a filter paper on prolonged wash- 
ing s ? 

4. Give several examples of adsorption from liquids. From gases. 

5. How could you make an emulsion of carbon tetrachloride-in -water or 
of water-in-carbon tetrachloride at will? 



SOILS 


421 


6. How could you break an emulsion? 

7. Explain the cleansing action of soap. 

8. A good colloidal solution of red ferric hydroxide is clear and runs through 
the best filter paper. How could you prove that it is colloidal and not a 

true solution? 

9. Prove that the spreading of liquids on solids is important. 

10. Explain ore flotation. 

11. How can you prepare a monomolecular film, and measure its thickness. 

12. How does silica gel dry gases? 

13. How can dust, smoke and mist be removed from air? 
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Chapter j6 compounds of the 

METALS 


GENERAL METHODS OF PREPARATION 

Preparation of Oxides. The simplest, but not most economical, 
method of preparing metallic oxides is the heating of the more 
active metals in air. (See page 99.) 

2 Ca 4- 0 2 — > 2 CaO 

It is usually better to heat the carbonate, hydroxide or nitrate: 

CaC0 3 — > CaO + CO a 
Ca(OH) 2 -> CaO + H 2 0 
Cu(N 0 3 ) 2 — > CuO + 2 N0 2 + O 

The nitrates of the sodium group do not yield oxides on dry 
ignition. 

Preparation of Hydroxides. A few oxides (of more active 
metals) arc readily hydrated to the hydroxides: 

CaO + HoO -» Ca(OH).» 

Precipitation of the desired hydroxide by addition of sodium 

hydroxide, etc., to a solution of the appropriate salt is conven- 
ient: 

CuCl 2 4- 2 NaOH — » Cu(OH) 2 -f 2 NaCl 

The preparation ofNH .OH by reaction of NH, with water is 
exceptional. 
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Preparation of Salts. Action of the appropriate acid on the 
metal (if not too inactive, like platinum), or on the metallic ox.de 
or hydroxide or carbonate or sulfite usually yields the salt desired . 

Ca + HC1 -> CaCU 
CaO 4 2 HCl — > CaCU 4 H-.O 
Ca(OH) 2 4- 2 HCl -> CaCU 4 2 H-.O 
CaCOa 4 2 HCl — * CaCl 2 4 H 2 0 4 C0 2 
CaS0 3 4 2 HCl -> CaCU 4 H .O 4 S0 2 

To this list may be added the direct attack of halogens on 

most metals. . , . , • 

Solutions of two salts may be mixed ,1 one ol the products ,s 

insoluble and can be filtered. 

BaCU 4 Na 2 SO •. -> BaSCU 4 2 NaCl 

Sulfides are formed by heating the metal with sulfur (Fe4S), 
or by^ adding H,S or Na 2 S or other soluble sulhde to a solution 

of the appropriate salt 

H a S 4 CuCU CuS + 2 HCl 

and polysulfides may be prepared by warming simple suliides with 

SUlfUr : NaiS + 2 S — > NajS> or Na s Ss 

Nitrides result with a few active metals when they are heated 
in nitrogen (absence of oxygen) . 

3 Mg 4 N 2 -> Mg»Na 

Carbides (abrasives such as “carborundum,” etc.) are dis- 
cussed on page 133. whenever simple in- 

Soluble complex cyamdes a ^ ^ of RCN or NaCN 

soluble cyanides are treated \\i • 

solution : 

Fe ( CN ) 2 4 4 KCN -> K4'c(CN)o 

Similarly some complex, soluble iodides result from the use of 
an excess of K.I or Nal solution. 

2 KI 4 Hgl 2 — > K.n HgI» 
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Some anhydrous chlorides have been prepared industrially by 
joint attack of hot carbon and chlorine on the metallic oxide. 
For example, aluminum chloride. 


M 2 O 3 4- 3 C + 3 Cl* -> 3 CO + 2 AIC1, 

Hydrides are usually formed by direct action of hydrogen on 
the more active metals (hot and in absence of air). Calcium 
hydride, CaH 2 , is valuable in reducing refractory oxides, such as 
Ti0 2 , and as a drying agent. Lithium-aluminum hydride, 
LiAlH,, recently prepared, is a white solid of unique reducing 
powers toward organic compounds. 


Reference 

Gibb, T. R. P., “Hydrides,” J. Chem. Education , 25, 577 (1948). 



Chapter 27 compounds of the 

ALKALI METALS 


SOME SODIUM COMPOUNDS 

(The metal is discussed on pages 206 and 207.) 


FORMULA 

NaCl 

NaNOj 

NaN0 2 

Na,C0 3 

NatCOa-HiO 

Na 2 CO 3 -10 H 2 0 

NaHCOj 

NaOH 


Na 2 S0 4 H 2 0 

Na 2 SOj 

NaHSO, 

Na 2 S 2 0* 

Na 2 S 2 0 4 


NazS 

NaCN 


NAME 

Sodium chloride 

Sodium nitrate 
(Chile saltpeter) 
Sodium nitrite 

Sodium carbonate 
Sodium carbonate 
monohydrate 
Sodium carbonate 
decahydrate 
(washing soda) 
Sodium bicarbonate 
(baking soda) 
Sodium hydroxide 
(caustic soda) 


Sodium sulfate 
Sodium sulfite 

Sodium bisulfite 

Sodium thiosulfate 
(hypo) 

Sodium dithionite 
Sodium sulfide 
Sodium cyanide 


SOLUBILITY 
IN WATER 
Soluble 

Verv 

# 

soluble 

Verv 

0 

soluble 

Soluble 

Soluble 

Soluble 


Soluble 

Very 

soluble 


Soluble 

Soluble 

Soluble 

Soluble 

Soluble 

Very 

soluble 

Soluble 


REMARKS 

Source of chlorine, NaOH, 
Na.COs, etc. 

Fertilizer. One source of 

HNO* 

Used in making dyes, pick- 
ling meats 

In manufacture of glass, 
soap, paper; water soft- 
ening 

In preparation of baking 
powders 

Cheapest strong base. In 
preparation of soap, vis- 
cose rayon, reclaimed 
rubber, etc. 

In glass and paper making 

In photography. Antichlor 
for bleached textiles 

In chrome tanning, mak- 
ing dyestuffs 

In photography. Removes 
unused silver bromide 

Reduces indigo to soluble 
indigo white for textiles 

Dehairs hides. Denitrates 
nitrocellulose rayon 

Forms soluble complex 
cyanide of gold in ores. 
Source of HCN, lumiga- 


NaBO, 


Sodium perborate Soluble 


tion of orange trees 
Bleaching agent in washing 
powders. Releases H-Oj 
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Similar compounds of potassium, ammonium, lithium, rubidium 
and cesium have been made. Sodium compounds are the 
cheapest. 

LITHIUM COMPOUNDS 

Half of the lithium salts produced in this country come from 
the brine of Searlcs Lake, California. Lithium compounds in 
some respects resemble calcium compounds more than one 
might expect. The carbonate, Li 2 C0 3 , has some use in glass and 
ceramics while lithium soaps find growing use in special lubricat- 
ing greases. Lithium stearate, unlike soaps of other alkali metals, 
docs not disperse in water. The lithium ion, unlike hydrogen, is 
highly hydrated. Lithium aluminum hydride was mentioned in 
the previous chapter. 

Lithium chloride (LiCl) solutions have some use in control- 
ling lelative humidity of air. Lithium salts color flames a vivid 
crimson. 


SODIUM COMPOUNDS 

(1 he metal is discussed on page 206.) 


Sodium Chloride. Common salt, NaCl, is the natural source 
of all sodium compounds although some natural deposits of 
sodium carbonate, sodium sulfate, sodium nitrate, and sodium 
borate are used. Fortunately lor the human race this necessary 
mineial is plentiful in most countries. The ocean carries over 
3 per cent solids and Great Salt Lake more than 20 per cent. 
Great beds oi solid salt arc found in Europe and in several dis- 
tricts of the United States. Deep beds are usually tapped with 

wells and, if necessary, water is introduced to form a brine, or 
they are mined. 

Salt crystallizes in cubes with hollow faces. It melts at 803° and 
volatilizes at high temperatures. As the chief source of sodium 


compounds and of chlorine, as a food preservative, and as an 
essential article of diet sodium chloride is of major importance. 
It is startling to learn that the average man eats 10 pounds of 
salt yearly in his food. 
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The United States alone produced 16,000,000 tons of salt in 
1947. 

Sodium Nitrate, NaNO„ is discussed on page 361 and the 
phosphates on page 377. 

Exercise 

1. From Chapter Thirty-one learn the method of detecting the difference 
between a nitrate and a nitrite. 


Sodium Carbonate, or “Soda Ash,” Na.CO,. Although there 
are some lake deposits in California and East Africa practical y 
all of this salt used before 1791 was obtained from the ashes of 
sea plants (land plants yield potassium carbonate on burning). 
Naturally sodium carbonate was expensive and, as a result, so 
were glass and soap. It is scarcely an exaggeration to say that the 
progress of civilization was greatly retarded lor want of a cheap 
source of sodium carbonate. Just prior to the Napoleonic wars 
France was deprived of its usual supply, so the French Academy 
offered a prize of 100,000 francs for the discovery of a method or 
manufacturing an adequate supply from common salt. LeBlanc 
rose to the occasion. His process (NaCl Na s SO, -► Na a S 
Na 2 C0 3 ) was used for a century but was finally displaced by 

more efficient Solvay process. . . ti i 

The Solvay Process. The LeBlanc method had no mal until 
1863, when the Belgians, Ernest and Alfred Solvay, achieved sue- 
cess with their ammonia-soda process. In the Solvay process con- 
centrated sodium chloride solution is saturated 

carbon dioxide. At first ammonium bicarbonate (NHJHCO, s 
formed and this reacts with sodium chloride to form sodium bi- 
carbonate. The latter salt, only sparingly soluble m the sa 
solution, precipitates, and after removal is heated 

sodium carbonate: 


NH .OH + H 2 C0 3 
(NHdHCOa T NaCl 

2 NaHCOa 


(NH 4 )HC0 3 + H*0 
NaHCOs + NH^Cl 

Na vCOs 4- H .O 4- CO 2 
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The process is carried on in steel towers about 50 feet high and 
6 feet wide with numerous shelves and water traps to insure 
thorough mixing. The gases are led in at the bottom, and half- 
way up the side. The temperature in these carbonating towers is 
not allowed to rise above 35° G. 

The economy of operation is great. Instead of wasting the am- 
monium chloride produced it is heated with lime to release am- 
monia gas, which, of course, is passed into the towers again. And 



.TnumptAmol Zfjrr , ThC chl ° ri ‘ k from 'he tower C 


instead o buying this necessary lime in the open market it is made 

a t ie plant by heating limestone to about 900°. The carbon 

c loxidc released from the calcium carbonate is used in the car- 
Donating tower: 

CaC0 3 -> CaO + CO z 

Ca(OH) 2 + 2 NH.,C1 -> CaCl 2 + 2 NH 3 + 2 H 2 0 

nnn^ ,0dUCt f° n * n tll< ^ mtcd States in one recent year was 
. , tons of natural soda and more than 4,500,000 tons of 

Solvay soda. It is essential to many important industries, such as 
c manufacture of glass, soap, paper, leather, enamels. It is also 
used in cleansing, water softening, dyeing, and oil refining. Syn- 
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thetic soda, cheaper and purer than that obtained from ashes oi 
marine grasses, revolutionized glass making. 

2. Draw a sodium carbonate tree, root and branch, to show sources as roots, 
and products and uses as branches. (See the coal tar tree, page 609.) 


Sodium Bicarbonate, NaHCO,. This so-called baking soda is 
the direct product of the Solvay process. About one ton out of 
every seven is sold in that form to be used in baking powders, in 
medicine, etc. The rest is heated to secure the normal carbonate: 

2 NaHCOa — > H .O + C0 2 + Na 2 C0 3 

The C0 2 evolved, together with more from limestone, is used to 

make more NaHCCh. , , . . . 

Although Na 2 COs solutions are strongly alkaline by hydrolysis 

NaHGOa solutions are not appreciably alkaline. Due to increase 
hydrolysis upon heating, warm NaHCO. solutions turn phcnol- 
phthalein pink. From the formula the student may expect hydro- 
gen ions, but the HCO 3 - io n ' s vcr Y stable. 

Lecture Experiment. If lo concentrated ammonia water saturated with 
sodium chloride a lump of solid carbon dioxide is added, a cop.ous preop, ate 
of sodium bicarbonate is obtained in ten minutes. I he expenment works 
in a 2-inch cylinder, about half-lilled. 

3. Represent by equations the hydrolysis of sodium carbonate. 

Baking Powder,. To secure plen.y of surface in dough, thus 
product “light,” some gas most he released throughout the uuxu.r^r wutdd 
So, bu, it is more convenient to have carbon dtoa.de released. Hus c.n£ 
accomplished by addition of a harmless ac,d (or acid sa ■ 

Lactic acid of sour milk has been used with oncer, am resol s v £ ’ ’ C 
added was no, exactly equivalent to the soda. Cream of tartar j I ob - 
serve the purpose very well. They are mix, ore. of aetd p. b » <*■» , 
and sodium bicarbonate. The hydrogen ions from the ac s 
the HCOr ions from the sodium bicarbonate to form carbon, c aetd. 

breaks down into water and carbon dioxide: 

H + + HCOa - — ll'COa 

•.a v^hosnhatc (inonocalciwn phos- 
Phosphate baking powders contain an faction caused by 

phatc). “Alum” baking powders depend a|um is not usod 

hydrolysis in alum solutions. As a ma \lfSO ) This how- 

but, instead, anhydrous sodium aluminum sullate or .\aAl(SO,),. lh. S 
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ever, makes no difference in the physiological effects which are probably 
negligible. With all the baking powders described above the salts left in the 
food are harmless unless used in excessive quantities. 

The phosphate-sulfate type is the most popular. A phosphate baking powder 
in the cold is rapid enough and progressive enough in its action to prepare 
the dough for the oven while the more slowly soluble sulfate keeps the carbon 
dioxide evolving until the dough is set by heat. 

A cream of tartar powder gives off its carbon dioxide too well in the early 
part of the operation, so jarring or slow baking may spoil things. 

Sodium Hydroxide, NaOH. This base, of which we use over 
2,000,000 tons annually, was discussed on page 207. 

Sodium Sulfate, Na,SO,. Unlimited quantities of this salt are 
found in Siberian lakes, in Canada, in a bay of the Caspian Sea, 
and in North Dakota; and great deposits fully 98 per cent pure 
are located in dry lake beds in the southwestern part of the 
United States. In a recent year 170,000 tons of natural Na,SO, 
were produced in this country. 

Glauber, the alchemist, used it in medicine as early as the 

middle of the seventeenth century, hence the name Glauber’s 

salt. It crystallizes below 32.38“ as Na 5 S0 4 • 10 H : 0 and above 

t 11S transition point as the anhydrous salt, Na.SO,. Considerable 

quantities are used in glass making and in making paper from 

certain woods such as southern pine. Our annual needs for this 

and for the dye industry total nearly 1,000,000 tons. At Stassfurt, 

Germany, the magnesium sulfate obtained as a by-product in 

separating potassium chloride from the great bed of salts is mixed 
\wUi a solution of sodium chloride: 

MgSO, + 2 NaCl -* MgCl, + Na.SO, 

The sodium sulfate is the least soluble of the four salts and crys- 
llizes out when the solution is concentrated and cooled. 

Sod, urn Sulfite, Na,SO„ The sulfite of sodium is obtained by 
saturating a solution of the carbonate with sulfur dioxide and 
then addmg an amount of the carbonate just equal to that taken 


(1) 

( 2 ) 


Na 2 C0 3 -|- 2 H 2 S0 3 
Na »C0 3 -f- 2 NaHS0 3 


H 2 C0 3 + 2 NaHSOs 
H,.C0 3 + 2 Na 2 S0 3 
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It is used in photography and as an aniichlor in the textile 
industry. Chlorine left in the fabric after bleaching weakens the 
fibers, but if sodium sulfite is added the chlorine reacts to form 
harmless salts. Sulfites readily oxidize in the air, so they are apt 
to be contaminated with sulfate. They are good reduemg agents. 

NanSOa + Cl, + H..O -> Na-.S0 4 + 2 HC1 

Sodium bisulfite, NaHSCh, is the product of reaction (1). It is 
used in paper making, chrome tanning, the making of dyestuffs, 

and as an antichlor. . 

Sodium Thiosulfate, NaAO,. Photographers know this con - 

pound as “hypo” and use it to dissolve unused si ver bromide 

from the developed plates. It is formed very easily by boiling 

sodium sulfite with sulfur: 

Na 2 S0 3 + S — > Na -SoO:. 

The salt is used in quantitative determination of free iodine ^ be- 
cause it reacts with iodine to form colorless compounds, sodium 
iodide and sodium tctrathionatc. 

2 Na-S.Oi + U->2 Nal + Na 2 S 4 O f , 

4. If a solution of iodine in potassium iodide is added lo sodium thiosulfate, 
what color change takes place? Write the equations. 

Sodium dithionite, NaAO* a powerful reducing agent for 

indigo dye, was discussed on page 275. ■ . : . 

Sodium Sulfide, Na,S. The laboratory prepamt, on eons ts 

dividing any solution of sodium hydroxide inlo two qu. l 1 • 

saturating one with hydrogen sulfide and mixing the t«o pot 

tions: 


( 1 ) 

( 2 ) 


NaOH + H 2 S 
NaOH + NaHS 


NaHS + H.O 
Na-iS + H.O 


Commercial reduction of sodium sulfate w„l. ^ 

yields sodium sulfide, which is also a by-product of the ban 

sulfate industry. It is a very soluble crystalline i sale In solution it 

is strongly basic ^ due to 'to fit-” sulfur colors” in 

and a weak acid. U is a met.- 
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dyeing cotton and is also required in the manufacture of certain 
dyes. Its solution removes hair from hides and denitrates nitro- 
cellulose rayon. When a sodium sulfide solution is heated with 
sulfur, certain polysulfides of sodium are formed. 

Sodium Hydride, NaH. This gray white crystalline powder, 
prepared by passing hydrogen over sodium at 250°-300° is now 
coming into use in removal of oxide scale (by reduction) from 
steel. For this purpose the hydride is dissolved in fused sodium 
hydroxide. 

It also dissolves in the fused eutectic mixture (352°) of 40 : 60 
potassium chloride and lithium chloride. Upon electrolysis below 
the decomposition voltage of either component the NaH is de- 
composed, yielding hydrogen at the anode — not at the cathode 
as usual. 

NaH -> Na + -f- H~ 


Sodium Cyanide, NaCN. A common method of preparing 
sodium cyanide involves the use of sodamide, NaNH 2 . 


2 Na -f- 2 NH 3 
C + NaNHo 


300 ' 


700 


* 2 NaNH 2 + H, 


* NaCN -F Ho 


It is important to produce cheap sodium cyanide because it is 
much used in extracting gold from low-grade ores. Cyanides are 
also important in electroplating, case-hardening of steel, and as a 

fluxing material. Prussic or hydrocyanic acid (HCN) is used to 
fumigate citrus trees. 

Germany has been making hydrocyanic acid by heating 
it *35 0°- 370° nd amm ° nia with alum inum phosphate as catalyst, 

CI IO NHo — > HoO -f HCN 

Tests for Sodium Compounds. There are no insoluble sodium 
salts except sodium uranyl acetate, the fluosilicate, and the pyro- 
antimonate, Na 2 H>Sb 2 0 7 . Sodium salts are recognized by the 
intense yellow color they give to a colorless flame. As a rule 
sodium is reported in qualitative analysis only if there is a very 
intense and prolonged coloration of the flame. With the spectro- 
scope the element is recognized by characteristic yellow lines. 
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Ten ml of a uranyl zinc acetate solution, prepared by dissolving 4 grams 
of uranyl acetate and 1 5 grams of zinc acetate in 50 ml. of water acidified w.th 
1 ml. of glacial acetic acid, will precipitate completely 8 mg. of sodium, if 
present, from 1 ml. of a solution of sodium salts in 1 hour. This ratio of 10 ml. 
reagent to 1 ml. of test solution must be used. 

POTASSIUM COMPOUNDS 
(The metal is discussed on page 530.) 

Potassium Chloride and Other Compounds. The chloride is 
found nearly pure as sylvitc in the Stassfur. depos.ts. St.ll more .s 
obtained from these deposits by cooling a hot, saturated solution 
of carnallite, KClMgCl 2 -6 H,0. The less soluble potassium 

chloride crystallizes out. 

Fertilizer Salts. Depleted soils require the addition of potas- 
sium chloride or sulfate for permanent agriculture. In the past ue 
imported great quantities of such salts mined at Stassfurt Ger- 
many, in France, and in Spain. Now our needs of 900,000 tons 
(estimated as K 2 0) are met by the Searles Lake and New Mexico 

deposits. 

Searles “Lake” in .he Mojave desert of California is a bed of crystallized 
ocarics Lane deep and saturated with 

salLs about twelve square miles in area J ^ of our pro ducl»on 

brine coniaining millions of tons of s . . 

now comes from the Carlsbad deposit in c* l0 00-ft. depths 

is ^ XLn chloride. On cooi.„ B , 

j * « ok ^ nrr rent FvC-1 is obtained, 

a product averaging 98.5 per ceni 

Wood ashes have always furnished a moderate amount of 
potassium carbonate (the “lye” of colonial days) and small 

deposits of potassium nitrate aic known. , . • 

Potassium Nitrate. Potassium nitrate has long been used in 
gunpowder. It was formerly obtained in small cL-pcvs.ts tn Be-nfg.tl 
hence the name, Bengal saltpeter. Schec e discovered oxyg by 
heating this salt. It is now prepared by mixing 
lions of sodium nilralc and potassium cliloiu c . . 
chloride precipitated is filtered off, on cooling the hit, ate po.as 

sium nitrate crystallizes out: 

KCl + NaNO .3 ^ NaCl + KN0 3 
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It forms rhombic crystals melting at 345°. Some of it is used in 
medicine, some to preserve meat, which it colors red, but most of 
it is still used in black gunpowder. This explosive is essentially 
75 parts potassium nitrate, 10 parts sulfur, 14 parts charcoal, and 
1 part water. It is mixed and ground wet and then dried carefully. 
On explosion, expanding gases form. The smoke is due to solid 
potassium sulfide: 


2 KN0 3 + 3C + S— >N 2 + 3 CO 2 + K 2 S 

Potassium Carbonate. Potassium carbonate is prepared by 
heating a mixture of magnesium carbonate and potassium chlo- 
ride. Its chief use is in the making of hard glass. 

Potassium Tetroxide. Unlike sodium, potassium unites with 
oxygen to form a tetroxide, K 2 0 4 which with acid yields hydro- 
gen peroxide and oxygen. Friction has exploded K 2 0 4 in contact 
with potassium. 


Tests for Potassium Compounds. The potassium flame is 

violet, but is easily masked by the intense yellow of the sodium 

flame. It is well to view the flame through a thick blue glass, 

which cuts off the yellow light. If perchloric acid is added to a 

solution of a potassium salt, white potassium perchlorate, 

KCIO,, is precipitated, particularly in the presence of alcohol. 

I he potassium ion unites with the chloroplatinate ion to form 

insoluble potassium chloroplatinate, K 2 PtCl 6 , in yellow octa- 
hedra. 


Cesium and rubidium compounds, resembling the group, have 
few uses. 


AMMONIUM SALTS 

Ammonium Chloride, NH 4 C1. This salt crystallizes in cubes 
or octahedra. At 350° it dissociates into ammonia and hydrogen 
chloride. On cooling the gases unite to form a smoke of ammo- 
nium chloride. The equilibrium is displaced by change in 
temperature : 

NH.Cl ;=> NH 3 + HC1 

The addition of either HC1 or NH, would disturb the equilibrium 
to the left. Better “opportunity for contact” between the two 
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gases accounts for this. “Mass action" is another phrase for the 
same thing. The salt is made by passing ammonia into hydro- 
chloric acid or by heating together ammonium sulfate and 
sodium chloride. Its use in soldering depends on its ability to 
clean off oxides, allowing metallic surfaces to be brought into 
contact. Its largest use is in the manufacture ol over 500,000,00(1 

dry cells each year in the United States alone. 

Ammonium Sulfate, (NH.hSO.. The sulfate is a product ol 
coke manufacturing (see page 130). Ammonia is passed dtrectly 
into sulfuric acid, forming this salt. As a source of mtrogen m 
fertilizers it is needed annually to the extent of half a million tons 

in this country alone. 

Ammonium Nitrate, NH.NO,. There are five transt ton 

points of this salt, at -16°, 32°, 85°, 126 , and 169 . It melts at 

160° and at higher temperatures decomposes into watet and 
nitrous oxide: 

NH 4 NO 3 — > 2 H 2 0 4- N->0 

Most ammonium salts on heating yield ammonia but ammonium 
nitrate is an exception. It may explode .1 heated too taptdly 
fact it is mixed with some explosives. Tins sal. has some us, 

fer A fewyears ago a lire broke out on a ship loaded with 2,500 
tons of ammonium nitrate, docked a. Texas City. " OUS 
explosion resulted wrecking ships and also mdus.r al plants or 
shore. In contact with combustible ma.ena tins sal. --ad. 

Ammonium Sulfide, <NH.»,S. I his analy.tcal -gemt^pre 
pared by passing hydrogen sulfide huo amtnonn n hydroxtd^ 
Ammonium Hydroxide, NH.OH. 1 hts weak base ,s 

on page 345. NaH g NH,Hg + NaCI 

Ammonium amalgam. M ‘ . n w arinine 

Tests for Ammonium Salts. All a, n, non, urn salts on ^warmtng 

with a base give off ammonia gas, recogntzed by odo, by . 

ability to turn moist red litmus paper blue. 


(NH 4 ) 2 S0 1 4- Ca(OHh 

NH .OH 


CaSO. + 2 NH.OH 
Nib + HjO 
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Exercises 


5. Assuming 90 per cent recovery, what weight of baking soda will be ob- 
tained by the Solvay process from 247 kg. of common salt? 

6. Sodium carbonate solutions are basic. Why not boil such a water solution 
counting on hydrolysis and the decreased solubility of carbon dioxide at 
higher temperatures to convert all the sodium carbonate into the more 
valuable sodium hydroxide? 

7. How much sodium chloride would be necessary for the preparation of 
1 ton of sodium hydroxide? 

8. Extend this chart: 


NaCl — NaOH — Na — etc. 

1 

Cl 2 

l 

HC1 — Cl 2 — HCIO — etc. 

9. If you passed C0 2 continuously into a tank of salt water (cathode com 
partment) which was being electrolyzed, what product would you get? 

10. What arc the useful properties of sodium hydride? 
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Chapter ?8 compounds of the 

ALKALINE EARTH 
METALS 


Calcium, Barium, Strontium, Magnesium, 
Beryllium, and Radium 


SOME COMPOUNDS OF CALCIUM, BARIUM, AND 
STRONTIUM 


(The metal calcium is discussed on page 533.) 


FORMULA 

CaO 

NAME 

Calcium oxide 
(quicklime) 

SOLUBILITY 

Reacts with 
water 

Ca(OH)* 

CaCO, 

Calcium hydroxide 
(slaked lime) 
Calcium carbonate 

Slightly 

soluble 

Insoluble 

Ca(HCOj)j 

Calcium bicarbonate 

Soluble 

CaCl* 

Calcium chloride 

Very soluble 


CaS0 4 -2 FLO 

Calcium sulfate 
(gypsum) 

Slightly 

soluble 

BaO 

Barium oxide 

Reacts with 
water 

BaOj 

Ba(OH)j 

Ba(NOj)i 

Barium peroxide 
Barium hydroxide 
Barium nitrate 

Soluble 

Very soluble 

BaCb 

BaSO« 

Barium chloride 
Barium sulfate 

Soluble 

Very 

soluble 


REMARKS 

A cheap base-former. 
Reacts with H_>0 and 
CO- of the air 
Used as “milk of lime,” 
a suspension in water 
Source of CaO. Occurs 
as limestone and 
marble 

Formed from CaCOj 
by action of CO" and 

HjO 

Anhydrous form is a 
powerful air drier. 
Used to lay dust on 
roads 

Used in plaster casts, 
etc. 

Source of BaOu 


One source of H 2 0* 
Little commercial use 
Used in pyrotechnic 
signals (green) 
Various uses 
Precipitated form 
(“blanc fixe”) is a 
filler in paper, litho- 
graph inks, etc. 


Continued on the Jollowmg page 
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FORMULA 

Sr(OH) 2 

SrC0 3 

SrSO* 

Sr(NQ 3 ) 2 


NAME SOLUBILITY 

Strontium hydroxide Soluble 


Strontium carbonate Insoluble 
Strontium sulfate Insoluble 
Strontium nitrate Very soluble 


REMARKS 

Once used in sugar 
purification (Europe) 
A source of other salts 

Used in red signal 
lights 


CALCIUM COMPOUNDS 

Calcium Carbonate. Vast beds of limestone are found in most 
countries. Other forms of the carbonate are marble (composed of 
small calcite crystals) and chalk. Marl is a mixture of limestone 
and clay. Chalk is made up of the skeletons of minute marine 
organisms. Sea-shells, corals, pearls, and egg-shell are familiar 
forms of calcium carbonate. 

Pure crystallized calcium carbonate is found in two forms, 
aragonite and calcite, differing in crystal shape and density. 
When the carbonate is formed in solutions above 30° aragonite 
crystals deposit, but below 30° calcite crystals are obtained. 

Calcium carbonate is practically insoluble in water, as one liter 
holds only 13 mg. of the salt. But when water is saturated with 
carbon dioxide the solubility of the carbonate increases thirtyfold. 
To be exact, the bicarbonate is formed: 

CaC0 3 + H 0 CO 3 — > Ca(HC0 3 ) 2 

Rain washes the carbon dioxide of the air into the soil and as this 
carbonated water trickles over beds of limestone the soluble bicar- 
bonate forms and the water becomes “hard.” In many places 
underground caves are formed in this manner. Some springs 
deposit this dissolved rock when the sudden decrease of pressure 
on the water allows the escape of carbon dioxide. 

A good lecture experiment follows: 

An un frosted light bulb is set up in series with a pair of copper electrodes 
dipping into 40 ml. of distilled water in a 100 ml. beaker. Upon adding 2 ml. 
of saturated Ba(OI I), solution, the lamp shows good conductance. Carbon 
dioxide is now bubbled through the solution; the light gradually goes out and 
then comes on again as the soluble bicarbonate is formed.” 


Arenson. 
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Limestone has many uses. It is quarried in great quantities as 
a source of lime and for the manufacture of cement glass, and 
ceramic material. Modern agriculture approves the use of 
ground limestone as well as lime in correcting the acidity of sods. 
Calcium carbide and cyananr.de both require hmestone or hme 
as a raw material. Great quantities of hmestone are used in 

getting iron from its ores. . . • 

Calcium Oxide, CaO. This oxide, known 
usually obtained by heating limestone to about 900 C. in gas- 

fired kilns: CaC0 3 «=* CaO + C0 2 

Calcium oxide is a white solid melting at about 2750° and boil- 
ing at higher temperatures. Heated by the oxyhydrogen flame it 

becomes brilliantly incandescent Calcimnoxide is 

r soLiJare able to reduce 

it only at the temperature of the ^elect.i ejm ^ ^ ^ ^ 

Lime, our cheapest bat sc I p , ion of paper, rubber, 

6,000,000 tons in this country in the p, | ' lime-sulfur 

sand-lime bricks, calcium carbide and aytVlcne ' 
sprays, calcium arsenate dust for cotton crops, Bordeaux mixture, 

and in the clarification ^ is a white powder 

Calcium Hydroxide Ca(OH ), ^ ^ k|imc . lt is sligh tly 

formed by the careful ad * at , 8 ° Al hig hcr tern- 

soluble, 100 ml of water dissolving _ n solulion ionize s 

peratures it is ^ quan tities of a base arc rc- 

rather well, but when ^ K . nsio n of the solid in water 

quired it is customary to ■ in solulion is used up 

known as “milk of to As fa: as^ solut ion : 

some of the suspended hydioxicic b 

Ca(OH)n^Ca f+ + OH- + OH 

Undissolv«l S ° lu, ‘ 0 " 

... . .t. insc known and has many industrial uses. 

This is the cheape. - ■ ]kiiVxcs bleaching powder, purifying 
In making mortar, pla. , ‘ ^ ^ hi(k% and clarifying sugar 

illuminating gas, rc.no » ^ of these uses duplicate 

solutions it is important. Natu.ally some 

those for the oxide. 
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Mortar. Mortar, to the bricklayer, is a mixture of slaked lime, sand, and 
water which hardens slowly on drying. A litde Portland cement may be added. 
The chemist knows that carbon dioxide of the air penetrates the wet mortar 
and reacts with the calcium hydroxide to form solid interlacing crystals of 
calcium carbonate, Ca(OH) 2 + C0 2 -> CaC0 3 + H.O. The sand, preferably 
with sharp edges, merely gives bulk, rigidity, increases porosity, and reduces 
shrinkage. Yet even the chemist is surprised to learn that some mortar in 
Roman walls 2000 years old has not been completely carbonated. Evidently 
mere drying does not account for all of the solidity of mortar. Possibly the 
colloidal particles of calcium hydroxide “set” in some way suggestive of the 
drying of glue or water glass. Wall plaster differs from mortar only in containing 
hair as a binder. It is porous enough to allow considerable circulation of air 
through the walls. Usually it is surfaced with a paste of lime and gypsum. 

Calcium Sulfate, CaS0 4 . The dihydrate of this salt, CaS0 4 - 

2 H 2 0, is found as gypsum in several states and is mined to the 

extent of a few million tons annually. It is heated a short time 

at 200°, causing the loss of three-fourths of its water, leaving the 

hemi hydrate, 2CaS0 4 H 2 0, or plaster of Paris. This residue, 

when mixed with the proper amount of water, sets to a white 

solid in from 5 to 15 minutes. What really happens is a reaction 

producing interlacing crystals of the dihydrate. The white 

finishing coat of common plastered walls contains plaster of Paris. 

Statuary is often made from it, because the material expands 

slightly on setting, thus taking a very sharp impression of the 

mold. Fragments have been found on ancient Greek temples. For 

commercial work, such as white plaster, stucco, and interior wall 

nicks, and wallboard, the setting process is retarded by the 

addmon o glue or a product made by digesting hair with 

sodium hydroxide. By a recent process powdered gypsum heated 

with magnesium sulfate solution yields a plaster twice as 
strong. 

Keene’s cement, a hard finishing plaster, is prepared by 

heating gypsum, cooling, soaking in a solution of alum, and 
reheating. 

Calcium Chloride, CaCl,. Most of the supply is obtained as 

y-product in the (Solvay) ammonia soda process. The hexa- 

hydrate, CaCl 2 -6 H.O, crystallizes from very concentrated solu- 
lions at ordinary temperatures. 
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As a drying agent anhydrous calcium chloride has its limita- 
tions. Ammonia cannot be dried over it because of the formation 
of CaClo-8 NH 3 . For a similar reason it is not suitable for the de- 
hydration of alcohol. It finds a limited market as a dust layer, in 
coal washing, in tempering metals, and chiefly in forming a 
refrigerating brine for ice plants and cold-storage buildings. 

Calcium Fluoride, CaF 2 . This salt occurs in nature as the 
mineral fluorspar. It melts at 1330° and is in demand as a slag 
former in metallurgy. Addition of calcium fluoride to some other 
salts lowers the melting point of the mixture. Glass and enamels 
are often made opaque with the addition of fluorspar. As a source 
of hydrofluoric acid it is already familiar to the student 

Calcium Cyanamide. High temperature reaction of calcium 
cyanamide, CaCN 2 , with carbon (and molten sodium chloride as 
a solvent) produces calcium cyanide. Ca(CN)>, useful in t le- 
mming industry, in the case-hardening of steel and as a source of 
hydrocyanic acid, HCN, in killing pests on citrus trees. 

Calcium Hydride, CaH 2 . Calcium hydride reduces some 
refractory oxides such as TiO. and has some value as a reducing 

agent in organic chemistry. 

Hardness of Water. Natural waters in contact with deposits 
of limestone or dolomite dissolve appreciable amounts of these 
rocks if carbon dioxide is present, as it always is. I he soluble 
bicarbonates of calcium and magnesium formed give temporary 
hardness to the water, temporary because, on heating, these bi- 
carbonate* decompose with formation of the normal carbonates. 

Calcium carbonate may be precipitated. 

Unless considerable evaporation has taken place, no natural 
water, on heating, yields enough magnesium carbonate to 
saturate the solution. Its solubility is 1 g. per liter. 

,>ass carbon dioxide into clear lime water. A precipitate of the carbonate 
forms An excess of carbon dioxide dissolves this precipitate - the water has 
acquired temporary hardness. Now boil the solution and note the formation 
of insoluble calcium carbonate, not by evaporation but merely by raising * 

temperature. 

(D Ca(OH)i + CO- — CaCOj + HjO 

( 2 ) CaCOj + HsCOj — Ca(HCOi)i 

( 3 ) Ca(HCOi)i — CaCOa + H 2 0 + CO, 
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Permanent hardness is due largely to calcium and magnesium 
sulfates, which are not precipitated by mere boiling, unless the 
solution is made very concentrated by evaporation. A comparison 
of solubilities at ordinary temperatures is interesting. 

1 liter' of water dissolves 0.013 g. CaCO s 

Permanent hardness ! ! iter of watcr dissolves 1.000 g. MgCO, 

1 liter of water dissolves 2.000 g. CaS0 4 

1 liter of water dissolves 354.000 g. MgS0 4 

Hardness in commercial practice in this country is measured 
in grains per gallon or in parts per million, “p.p.m.” of calcium 
carbonate. That is, one degree of hardness (United States) is 
1 grain per gallon (0.017 gram per liter) or 17 p.p.m. Water with 
50 p.p.m. is considered soft. 

The Softening of Water. The importance of softening water 
is great. In boilers a hard scale of salts is left by the evaporation of 
feed water. This scale is a poor conductor of heat and causes a 
serious waste of fuel. A layer one-eighth inch thick causes a loss 
of 10-12 per cent of fuel. This loss increases as the square of the 
thickness. Furthermore superheating of the boiler may result. 
Cracking of the brittle scale may admit water to the overheated 
iron, causing an explosive generation of steam. If the temperature 
of the iron rises too high, a layer of the oxide, Fe 3 0 4 , forms, 
weakening the boiler to the danger point. 

Hardness of water causes an appalling waste of soap. No lather 
can form and consequently no cleansing be achieved until all the 
hardness has been precipitated at the expense of the soap. Thus, 
with sodium oleate, representing a typical soap, we have: 

2 Na- Oleate + CaSO , -> Na 2 S0 4 + Ca- (Oleate) 2 

A further annoyance is caused by the stickiness of the calcium 
oleate formed. All calcium soaps are insoluble and curdy. 

One of the cheapest softeners is lime itself. This sounds to the 
public like making matters worse, for it is often said that “lime 
causes the hardness of water.” However, the following equations 
show the explanation of the paradox: 

(1) Ca(HC0 3 ) 2 + Ca(OH), — » 2 H 2 0 + 2 CaC0 3 1 

(2) Fc(HC 0 3 ) 2 + Ca(OH) 2 -> 2 I TO + CaC0 3 j + FeC0 3 I 

(3) MgC0 3 + Ca(OH) 2 — > CaC0 3 j + Mg(OH) 2 J, 
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Reaction (3) is worthy of special attention. Either the bicar- 
bonate or normal carbonate of magnesium is converted by any 
base into the decidedly insoluble hydroxide. Remember that 
one liter of water dissolves 1 g. of MgC0 3 but only 0.01 g. of 
Mg(OH) 2 . To precipitate permanent hardness crude “soda ash” 

is used: 

CaS0 4 + Na 2 C0 3 -> Na 2 S0 4 + CaC0 3 1 

Sodium hydroxide is not as cheap, but it takes care of both kinds 
of hardness because the sodium carbonate produced in the follow- 
ing reaction reacts with the permanent hardness as indicated 

above : 

Ca(HC0 3 ) 2 + 2 NaOH — > 2 H 2 0 + CaC0 3 J. + Na 2 C0 3 

The common practice today is to use both lime and soda ash, 
varying the proportions with the seasonal variations in the water 
content. The limit of lime-soda softening is 50 p.p.m., which 
represents the combined solubilities of CaC0 3 and Mg(OH) 2 . 

Sodium metaphosphate in the special form termed “hexameta- 
phosphatc” recently has come into use as a water sol tener be- 
cause it seems to form soluble complex compounds with calcium 
and magnesium (sec page 380). When mixed with soap as a 
cleanser it prevents precipitation ol curdy calcium and magne- 
sium soaps. 

The modern zeolite process of softening yields water of zero degrees of hard- 
ness. No other chemical will do this in practice. An artificial zeolite (really a 
sodium siliro-alurninate) is prepared and dried so as to retain its porous struc- 
ture. When hard water slowly Hows through a bed of this Na- Zeolite there is 
an exchange of calcium and magnesium for sodium. 

Ca(l ICOah + 2 Na • Zeolite — * 2 NaHCOa + Ca(Zcolite) 2 

After a time the zeolite no longer functions, having become Ca(Zeolitc)*. Salt 
water (10 per cent) is then left on it for about an hour and, because the sodium 
chloride is now in excess, the Na- Zeolite is regenerated. After washing out the 
salt the Na- Zeolite is ready for use again: 

Ca(Zcolitc) 2 + 2 NaCl - CaCI 2 + 2 Na - Zeolite 

Of course there is absurdity in the use of “Zeolite” as a negative radical but 
it has convenience. If preferred the exchange may be written as below. 

Na-iO- AbOa- 5 SiOj + CaCb ♦=* CaO-AbOj-5 SiO, + 2 NaCl 
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For a large area in California, water from the Colorado river 
(hardness, 300 p.p.m.) is limed to remove Ca(HC0 3 ) 2 and 
MgS0 4 . The CaS0 4 is then removed by the action of a zeolite. 

A special zeolite, silver alumino-silicate, takes up Na + in 
exchange for its own Ag + which with Cl - promptly forms a 
precipitate of silver chloride. Both ions are held in the mass, 
permitting filtration of salt-free water. 

Cation Exchangers. Very effective phenolic resins are now on 
the market as base-exchange water softeners. Like the zeolites 
these cation exchangers remove Ca++ and Mg++ but they do it 
by giving H + to the water. 

HR + CaCl 2 ?=» CaR 2 + 2 HC1 

Regeneration is accomplished by washing CaR 2 with an excess 
of HC1 or H 2 S0 4 . Water passed through such resins may then 
be treated with “anion exchanger” resins to remove the entire 
acid molecule. 

By use of cation exchangers valuable metals have been re- 
covered from waste solutions. 

Anion Exchangers. R 3 N + HC1 -> (R 3 NH)C1. The exchange 

resin may then be regenerated by washing with a solution of 
sodium carbonate. 

2 (R 3 NH)C1 -f- Na 2 C0 3 — > R 3 N + 2 NaCl + C0 2 + H a O 

Such resins, sometimes called "anion exchangers,” may be used 
to exchange Cl" for SO," for example. 

2 (R 3 NH)C1 + SOr — > 2 Cl' + (R 3 NH) 2 S0 4 

Tests for Calcium Compounds. The calcium flame is brick- 
red, but the precipitation of the extremely insoluble white cal- 
cium oxalate is usually taken as the best test for the presence of 
calcium. 

BARIUM COMPOUNDS 

Barium Sulfate, BaS0 4 . This mineral is the starting point for 
the preparation of nearly all barium compounds, including the 
precipitated form of barium sulfate. Coal mixed with barite is 
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BARIUM HYDROXIDE, Ba(OH), 

roasted four hours in a rotating furnace. The barium sulfide 
formed is treated with water. It is not very soluble, but is slowly 
hydrolyzed to the more soluble hydrosulfide. By reaction with 
“salt cake,” Na*S0 4 , the finely divided “blanc fixe” or precipi- 
tated barium sulfate is formed: 

BaS + Na -SOj — > Na,S + BaSO; 

The sodium sulfide is a by-product necessary in making and using 
sulfur dyes. Blanc fixe is used, when pure white, as the body of 
lithograph inks and lake colors, and as filler lor paints, rubber, 
linoleum, oilcloth, glazed paper, and plastics. Over 400,000 tons 
of ground rock barium sulfate are used annually in a heavy oil- 
drilling mud. 

Other barium salts may be made by reaction of the sulfide with 
the proper compounds. When sodium carbonate is added to a 
solution of barium sulphate in fused sodium chloride barium 

carbonate is precipitated. 

The Barium Oxides. The monoxide is generally made by 
roasting the carbonate with carbon which reduces the carbon 
dioxide formed to carbon monoxide. This lowers the partial pres- 
sure of the dioxide, sweeps it away, and thus facilitates decom- 
position of the carbonate: 

BaCOs ^ BaO T CO* 

( :o, + c: -> 2 CO 

Barium monoxide is an excellent dryer for gases when so pre- 
pared. The fused product is not as good. The monoxide is im- 
portant mainly in preparing the dioxide by heating in air above 

500°: 

2 BaO + 0^2 BaO, 

Barium peroxide (dioxide) is important as a source of hydrogen 
peroxide (see page 124). It acts on starch to form a “vegetable 

glue.” 

Barium Hydroxide, Ba(OH),. The hydroxide of barium is 
much more soluble than either calcium or strontium hydroxide. 
It is a moderately strong base and is used in quantitative analysis 

to absorb carbon dioxide. 
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Tests for Barium Compounds. The barium flame is green 
(distinctive except for copper and boric acid). The usual tests 
involve the precipitation of yellow barium chromate, and of 
white barium sulfate, insoluble in dilute acids. 

STRONTIUM COMPOUNDS 

The chief minerals of strontium, like those of calcium and 
barium, are the carbonate, SrC0 3 , and sulfate, SrS0 4 . Because 
of the brilliant flame color produced strontium compounds are 
used in fireworks and in tracer bullets. 

Tests for Strontium Compounds. The characteristic carmine- 
red flame is an indication of strontium. Precipitation of its car- 
bonate, sulfate, and oxalate, all white salts, aids in testing for the 
element. The peroxide is used in tracer bullets. 

Calcium hydroxide is slightly soluble (lime water) and stron- 
tium hydroxide and barium hydroxide somewhat more so. The 
sulfate of barium is extremely insoluble (1 : 400,000), that of 
strontium is rather insoluble (1 : 8000), while calcium sulfate is 

slightly soluble (1 : 500). All the carbonates are insoluble, while 
the bicarbonates arc soluble. 


SOME COMPOUNDS OF MAGNESIUM 

(The metal is discussed on page 531.) 


FORMULA 

MgO 


Mg (OH), 


MgCU-6 HaO 


MgCOj 


MgSO, • 7 H 2 0 


Mg(C10 4 ) 2 -6 H,0 


MgNH 4 P0 4 -6 H 2 0 


NAME 

Magnesium oxide 


Magnesium hydroxide 
Magnesium chloride 
Magnesium carbonate 


Magnesium sulfate 

(Epsom salts) 
Magnesium 
perchlorate 
Magnesium ammo- 
nium phosphate 


SOLUBILITY REMARKS 

Insoluble White. Very high 

melting point. 

MgO + H-O — 
Mg(OH) s 

Insoluble White. Dissolves in 

NH<C1 

Very White. Is hydrolyzed, 
soluble hot 

Insoluble White. The basic car- 
bonate is a heat in- 
sulator 

Soluble White 
Insoluble White 
Insoluble White 
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Magnesium Oxide, MgO. This white oxide is obtained by 

heating the carbonate to 350° C. (MgCOj —» MgO + COj). 
The reaction occurs at a lower temperature than that of a lime- 
kiln Like calcium oxide, this oxide unites with water to form 
the hydroxide. Its chief use is as a refractory lining for, high- 
temperature furnaces since it docs not melt below 2800 C. If 
the carbonate is used as a lining (often mixed with oxides of iron 
and chromium), it is turned into the oxide during use by the 

heat of the furnace. 

Magnesium Hydroxide, Mg(OH),. This compound is white 
and rather insoluble, so a suspension of it in water is used modi- 
cinally to neutralize undue acidity of the stomach and as a 
laxative. As fast as the small amount in solution reacts with acid 
more solid dissolves, so a small and harmless concentration of 
OH' ions is maintained until all the solid is dissolved. Magne- 
sium hydroxide is soluble in solutions of ammonium chloride. 

' Magnesium Chloride, MgCl,. This salt is found in salt brines 
and is a by-product in separating potassium chloride from car- 
nallite at Stassfurt. When heated sufficiently the crystallized salt, 
MgCl,-6 H.O, is hydrolyzed by its own water of crystallization. 

MgCl'2-6 H-O — ► MgO + 5 HiO + 2 HC1 

This reaction shows the danger from the use of sea water in 
boilers The acid released attacks the metal of the boiler. It would 
be possible to make all the hydrochloric acid we need by heating 
crystallized magnesium chloride. The anhydrous salt can be pre- 
pared by heating carefully the double salt MgCl . Md.Cl- 6 1 1.0. 
The water is driven off first and then the ammonium chloride is 
volatilized. The crystallized salt is used as a filler for cotton and 
woolen goods and in making magnesia cements. A wet mixture of 
the oxide and chloride hardens with formation of the basic 
chloride. Sawdust, sand, or wood meal is added as a filler. Such 
compounds make wall plasters or floorings, or stucco for outside 

walls. Of course any filler may be added. 

Magnesium Carbonate, MgCO,. This salt occurs as the min- 
eral magnesite in Greece, Austria, the United States, and other 
countries. We use 200,000 tons yearly for lining open-hearth 

steel furnaces. 
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The normal carbonate cannot be obtained by precipitation 
with a solution of sodium carbonate. Instead, a basic salt is 
formed, its composition varying with the temperature and other 
conditions. The hydrolysis of sodium carbonate yields OH" ions 
as well as C0 3 = and, since magnesium hydroxide is even more 
insoluble than the carbonate, the conditions favor formation of 
a basic salt such as 3 MgC0 3 - Mg(OH),-3 H 2 0. This is sold as 

magnesia alba” and used in cosmetics or in tooth powders. A 
crude product of loose fibrous structure is sold as “magnesia pipe 
covering” for heat insulation of steam pipes. In this field it is a 
rival of asbestos. It may be MgC0 3 Mg(0H) 2 - 5 H 2 0. 

Magnesium Sulfate, MgSO<. There are deposits of magne- 
sium sulfate in the western states and at Stassfurt, Germany. 
\\ hen crystallized from solution at ordinary temperatures the 
hep ta hydrate, MgSO,-7 H 2 0, is secured. This is sold as Epsom 
salts. The various hydrates lose water at 200°. Magnesium sulfate 

is used in dyeing, tanning, as a filler for cotton goods, and in 
medicine. 

Asbestos. Asbestos fiber, CaMg 3 (Si0 3 ) 4 , occurs as a mineral 

m Canada and South Africa. It is valuable as a heat insulator, 

lor auto brake linings and, when mixed with Portland cement 
for asbestos shingles. 

Magnesium Ammonium Phosphate, MgNH 4 P0 4 - 6 H 3 0. 

When any soluble orthophosphate is added to a solution contain- 
ing a magnesium salt, ammonium hydroxide and any ammonium 
salt a fine, crystalline precipitate of MgNH.PO, is obtained. 

hen ignited it lorms the very stable pyrophosphate, Mg 2 P 2 0 7 . 

ns reaction is the basis of the quantitative determination of 
phosphates in fertilizers, etc. : 

Na 2 HPO.i + Mg Cl 2 + Ni l , OH 

2 NaCI -f- H-O + MgNH 4 PO« 

A reagent called magnesia mixture is used in this precipitation. 

It rmght seem impossible to prepare a solution containing both 
Mg ions and OH ions (from MgCl, + NH 4 OH) and, in fact, 
if nothing else were added this mixture would form a precipitate 
of magnesium hydroxide. But the addition of any ammonium 
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salt prevents precipitation. Ammonium hydroxide is a weak base 
and its ionization is greatly suppressed by the mass action ol a 
great excess of NH., + ions from the well-ionized ammonium 

chloride: 


(1) 

(2) 


NH iOH <=* NH 4 + + OH 
NH 4 C1->NH 4 + + ci- 


The equilibrium in (1) is driven so far to the left that the con- 
centration of OH" ions left is very small, too small with the Mg 
ions present to exceed the solubility product of magnesium hy- 
droxide. It is even possible to dissolve a precipitate of the hydrox- 
ide bv the addition of an ammonium salt. It is evident that the 
following equilibrium must exist in a water suspension ol mag- 
nesium hydroxide: 

Undissolved Mg(OH) 2 t=± Mg ++ + OH- + OH“ 


Removal of OH- ions, whether by addition of H + ions from an 
acid or NH, + ions from ammonium chloride, must disturb all 
equilibria to the right, with final solution of the precipitate. 

Tests. The best test for magnesium compounds is the pu - 
cipitation of the crystalline magnesium ammonium phosphate as 

described above. 


BERYLLIUM AND RADIUM 

Beryllium is divalent in its compounds. The insoluble white 
hydroxide, Be(OH), is amphoteric, forming the i st rongly hydro- 
lyzed BeClj or beryllates such as Na.BcOr or NaHBeO-. These 

salts, like the sulfate, arc soluble. 

Of radium salts only the soluble RaBr, and insoluble RaSO., 

are of interest. 


Exercises 

1 What arc the uses of barium sulfate? 

2 . How does soap soften water? How do lime and soda soften water 

3. What happens to quicklime piled in the open air? 

4. From what industry is calcium chloride a by-product? 
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5. If you had 22 kg. of barium sulfate how many kg. of barium peroxide 
could you make, assuming complete conversion? How proceed? 

6. A sample of hard water is found to contain 85 parts per million of calcium 
bicarbonate. How much lime would be required to soften eight million 
liters of this water? Ignore other sources of hardness. 

7. A sample of water contains 90 parts per million of magnesium bicarbonate. 
How much lime would be required to soften ten million liters of this water? 

8. At 20° calcium hydroxide dissolves to the extent of 16.5 g. per liter, 
(a) What is the solubility in gram-molecules per liter? ( b ) If the base is 
completely ionized what will be the concentration of each ion in terms 
of gram ions per liter? 

9. How could you make BaC0 3 from the mineral BaSO<? 

10. How could you make precipitated barium carbonate from the mineral, 
barium sulfate? 

11. How can the exchange resins prepare almost pure water from ordinary 
hard water? 

12. Could you obtain a magnesium salt from sea water by base exchange? 
Give details. 

In the process of preparing metallic magnesium from sea water, con- 
taming a very low concentration of magnesium chloride, a suspension of 
calcium hydroxide is added. Equation? 

Now what would happen if carbon dioxide were added to the products? 

13. How can you mix Mg++ ions and OH' ions in the same solution without 
getting the usual precipitate of Mg(OH) 2 ? 

14. What weight of magnesite will be required in the preparation of 563 g. 
of magnesium oxide? 
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Chapter qq compounds of copper, 

r SILVER, AND GOLD 


SOME COPPER COMPOUNDS 

(The metal, 534, 573) 


FORMULA 

NAME 

SOLUBILITY 

Cu 2 0 

Cuprous oxide 

Insoluble 

CuO 

Cupric oxide 

Insoluble 

Cu(OH)j 

Cupric hydroxide 

Insoluble 

CuCl 

Cuprous chloride 

Sparingly 

soluble 

CuCl r 2 H 2 0 

Cupric chloride 

Soluble 

Cu(NOa)i -6 H 2 0 

Cupric nitrate 

Soluble 

CuS 

Cupric sulfide 

Very 

insoluble 

CuSCV 5 H 2 0 

Cupric sulfate 
(blue vitriol) 

Soluble 

CuCN 

Cuprous cyanide 

Insoluble 

K 2 Cu(CN ) 2 

Potassium 

cuprocyanidc 

Very soluble 

Cu(NH 3 ) 4 S0 4 H 2 0 Tetrammine 

cupric sulfate 

Very soluble 


REMARKS 

Red 

Black. From hydroxide, 
nitrate and carbonate 
Blue. Gelatinous 
White. From heated 
Cu + CuCla solution 
in presence of HC1 
Green 
Blue 

Black. Attacked by 
warm HNOa 
Blue. Chief copper salt 

Green. By spontaneous 
decomposition of 

2 Cu(CN ) 2 — 

2 CuCN + (CN)j 
Yellow-green. By excess 
KCN on CuCN 
Azure blue. By excess 
NH 4 OH on CuSO<. 
Other similar copper 
compounds are known 


Cuprous Oxide, Cu.O. The simplest way to prepare this oxide 
is to reduce Fehling’s solution with glucose. This famous solution 
is a mixture of copper sulfate, sodium hydroxide, and Rochelle 
salts (sodium potassium tartrate). A complex copper tartrate 
ion is formed which yields so few simple copper ions that no 
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cupric hydroxide is precipitated. The very small amount of 
cupric hydroxide in solution is reduced to the very insoluble 
cuprous oxide by added glucose. Since the occurrence of glucose 
in the urine is a symptom of diabetes, the use of Fehling’s solution 
in diagnosis is important. Cuprous oxide has some use as a 
fungicide. 

Cupric Oxide, CuO. This black oxide is prepared by igniting 

copper powder in the air, and by the ignition of the nitrate or 
carbonate. 


Exercise 

1. Why isn't a precipitate of cupric hydroxide formed in the reduction of 
Fehling’s solution? 

Cupric Sulfate, CuS0 4 . This is the copper salt most used. It 
crystallizes in the triclinic system with five molecules of water as 
CuSO., • 5 H->0. At 120°-140° it loses four molecules of water, 
but must be heated to 240° before it loses the fifth molecule of 
water. I he anhydrous salt is white and when crystallized from 
hot concentrated sulfuric acid exhibits a different crystal form 
liom the blue vitriol. The anhydrous powder is sometimes used 

as a dryer for alcohol and such liquids. As it takes up water it 
turns blue. The term “vitriol” was once applied to any sulfate, 
and sulfuric acid was termed “oil of vitriol.” Ferrous sulfate was 
green vitriol and zinc sulfate was white vitriol. 

Cupric sulfate is made by the action of hot concentrated sul- 
turic acid on scrap copper: 


Cu + HoSO i 
CuO + H,,SO. 


CuO + H.O + S0 2 
CuSO 4 + H.O 


On a large scale it is produced by roasting natural sulfides and 
leaching them in the open air with water. Sometimes the copper 
ores are roasted and treated with sulfuric acid. Copper sulfate 
is used in calico printing, in electroplating, as a germicide, a fun- 
gicide, and as a source ol other copper compounds. Bordeaux 
mixture, made from copper sulfate and calcium hydroxide, is 
much used as a fungicide spray on seeds, plants, and fruit. 
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COMPLEX CYANIDES 

Ammonia Compounds. Addition of ammonium hydroxide to 
a solution of copper sulfate, for example, first yields a green pre- 
cipitate of basic cupric sulfate, Cu,(OH) 2 SO„ and with an excess 
of ammonium hydroxide forms the beautiful rich azure-blue solu- 
tion of the complex ammono-cupric sulfate, Cu(NHa) 4 -SO , • H,»0. 
This very soluble salt can be precipitated by addition ol alcohol. 
The soluble complex salt ionizes as follows: 

CutNIUi SO, — > C:u(NH;), H + SO f 

The Cu(NH 3 ) 4 ++ ion yields such a low concentration ot C-u +t ions 
that many slightly soluble copper compounds are dissolved by 
ammonium hydroxide. Even cupric hydroxide is dissolved by 
ammonium hydroxide, with the formation of Cu(NH, t(OH)s. 
The soluble salts of copper form complex compounds as described 
for cupric sulfate. Cupric sulfide is one of the few copper com- 
pounds not forming a soluble complex with ammonia. 

The cupric ion coordinates four NIC molecules in accord with 

its usual coordination number ol lour: 


II 


II II 
N : 
ii ii 


11 

• • 

N 
• • 

( lu 
• • 

N 
• • 

II 


II II 

• • 

: N : II 

II ii 


i » 


Complex Cyanides. Attempts to precipitate cupric cyanide 
fail. It decomposes spontaneously with escape of poisonous cy- 
anogen gas, leaving a precipitate of cuprous cyanide: 

CuSOi + 2 KCN — > K. -SO, T CufGN)* 

2 Cu(CN)-. — > 2 CuCN + (CNh 

With excess of potassium cyanide the insoluble cuprous cyanide 
dissolves, forming potassium cuprocyanide: 

CuCN + KCN —> K-Cu(CN)* 

The complex negative CufCNh" ion yields so few Cu ' ions that 
all insoluble copper compounds are dissolved by alkali cyanic es. 
Cupric sulfide is extremely insoluble. Its saturated solution 
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(every precipitate settles from its own saturated solution) con- 
tains a minute concentration of Cu 4-1 " ions, but the complex cya- 
nides of copper yield a still smaller concentration of Cu ++ ions. 
Addition of potassium or sodium cyanide to cupric sulfide dis- 
places every equilibrium in the direction favoring the existence of 
the lowest concentration of Cu 4 ^ ions. Consequently the sulfide 
dissolves. It is worth remembering that most simple cyanides, 
except those of the sodium group, are insoluble but that complex 
cyanides are soluble. 

Tests for Copper Compounds. Copper compounds (after 

moistening with hydrochloric acid to form the volatile chloride) 

burn with a green flame. Precipitation of the red cupriferrocy- 

anide is a useful test. Usually the peculiar blue color developed 

when ammonium hydroxide is added to a solution of a copper 

compound is sufficient indication in analysis. Quantitatively the 

metal is frequently determined by electrolysis. The copper is 

Plated on a weighed platinum cathode which is then dried, and 
weighed. 


REACTIONS OF CUPRIC ION, Cu ++ 

NaOH Cu + + + 2 OH- — » Cu(OH):, blue 

NlfiOM Cu + + + 4 NHj -* Cu(NH J ) < + + , azure blue 

H,S or Na*S Cu + + + S" — CuS, black 

Ki(Fc(CN) 6 ] 2 Cu ++ + [Fc(CN.]«- - Cu,[Fe(CN) 6 ], red 

KCN excess C 2 N 2 + [Cu(CN) 2 ]~, colorless 

Zn Cu + + -f- Zn — * Zn ++ + Cu, reddish 


SOME SILVER COMPOUNDS 


FORMULA 

NAME 

Ag-.-O 

Silver oxide 

AgC’l 

Silver chloride 

AgBr 

Silver bromide 

Agl 

Silver iodide 

AgNOj 

Silver nitrate 

Ag 2 S0 4 

Silver sulfate 

Ag 2 CrO, 

Silver chromate 


SOLUBILITY 

Slightly soluble 

Insoluble 

Insoluble 

Very insoluble 
Soluble 

Slightly soluble 
Insoluble 


REMARKS 

Brown. A strong base 
White. Darkens in light 
Yellow-white. Sensitive film of 
photography 
Canary yellow 
White. Chief silver salt 
White 
Red 


Silver Halides. These salts are usually formed by addition of 
a soluble halide to a solution of silver nitrate. 


SILVER NITRATE 
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The chloride and bromide both change in the light, hence their 
use in photography. Silver iodide is not changed by light unless 
an excess of silver nitrate is present. The chloride is fairly soluble 
in concentrated hydrochloric acid, due to the formation of the 
complex acid HAgClo. The AgClo" ion yields a lower concen- 
tration of Ag + ions than is found in a saturated solution of silver 
chloride. The iodide does not dissolve in ammonium hydroxide 
because in its saturated solution the concentration of Ag + ions is 
less than that in a solution of the silver ammonia complex ion. 
With the less insoluble bromide and chloride the situation is 
different. The action of ammonium hydroxide on silver com- 
pounds is quite similar to its action on copper compounds. The 
same may be said for the solvent action ot potassium cyanide. 
Sodium thiosulfate, “hypo,” dissolves the silver halides because 
of the formation of a stable complex ion, Ag(S_>0 3 )r : 


AgCl + 2 KCN 
AgCl + 2 Na,S,0 3 


KC1 + K- Ag(CN)-> 

NaCl + Na 3 Ag(S 2 0 3 ) 2 


The use of silver halides in Photography is discussed on page 671 . 
Silver Nitrate. Silver is dissolved by nitric acid, an oxidizing 
acid, with formation of the nitrate, “lunar caustic 

3 Ag + 4 HNO a — 3 AgN0 3 + NO + 2 11,0 

Ammonium hydroxide is often added to silver nitrate solutions 
in order to secure the soluble complex ammonia compound for 
reduction to silver as in the making of mirrors. Only small quan- 
tities should be used, or if larger quantities are needed they 
should not be allowed to stand for long. Explosions o! this mixture 
have occurred, probably due to the formation ol an unstable 
nitrogen compound of silver. 

Dangerous explosions have occurred when laboratory waste 
silver residues were washed with alcohol while traces of nitric 
acid were present. Apparently silver fulminate, AgONC, was 

formed. 

AgNOa + HN0 3 4- C 2 H 5 OH -> AgONC, etc. 

2. How could you separate the silver from the copper in a silver coin? 
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Tests for Silver. The precipitation of white silver chloride, 
soluble in ammonium hydroxide without blackening, is usually 
considered a good test for silver compounds. Confirmatory tests 
may be obtained from the colors of the chromate and phosphate. 

3. If silver and its compounds suddenly ceased to exist, could we find adequate 
substitutes? 


REACTIONS OF SILVER ION, Ag + 


HC1 or KC1 
KBr 


KI 

NaOH 

NH 4 OH 

H_>S or Na_«S 

Na 2 Cr0 4 

Orthophosphates 


Ag + -f Cl - — * AgCl, white 
Ag + 4- Br~ — >AgBr, yellow-white 
Ag 4 + I" — * Agl, yellow 
2 Ag + -f- 2 OH ► HoO + Ag ; 0, grav-brown 
Ag + 4- 2 NH 3 — * [Ag(NH 3 ) 2 ] + , colorless 
2 Ag + 4- S" — * Ag s S, black 

2 Ag + + Cr0 4 “ — Ag,Cr0 4> red 

3 Ag^ -f- P0 4 - — » Ag 3 P0 4 , yellow 


gold compounds 

(The metal is discussed on page 524.) 


Chemically, gold is inactive and resists the action of nitric acid 

yet free chlorine and bromine attack it. However, a mixture of 

concentrated nitric and hydrochloric acids (containing some 

nit rosy 1 chloride) called aqua regia dissolves gold, forming auric 

chloride, which, with excess of hydrochloric acid, forms chlor- 
auric acid. 


Au + HNO 3 + 3 HC1 
AuC1 3 + HC1 


AuC1 3 + N0 4-2 H 2 0 
HAuCh 


The sodium .salt of this acid, NaAuGl, • 2 H 2 0, is used in photo? 
raphy as a toner. 

Auric hydroxide, Au(OH) 3 , is amphoteric, and dissolves in po 
tassium hydroxide to form potassium aurate, KAu0 2 . 

Exercises 

4. Why does ammonia water fail to dissolve silver iodide while it does dissolve 
silver chloride? 


5. Review all the uses for sodiu 
commercial. 


m or potassium cyanide, both analytical and 
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6. Why can’t we precipitate cupric sulfide from a solution containing con- 
siderable potassium cyanide mixed with copper salt? 

7. What is a test for copper compounds? 

8. Two grams of silver ore were dissolved in nitric acid and the silver present 
* precipitated with hydrochloric acid. The resulting silver chloride weighed 

1.576 g. Calculate the percentage of silver in the ore. 

9. You need some “blue vitriol” and you have 644 g. of copper wire, and the 
usual laboratory reagents. How could you make the blue crystals desired, 
and how many grams could you make? 

References 

Neblctte, C. B., Photography. D. Van Nostrand Co., New York. 

Shrcve, R. N., The Chemical Process Industries. New York, McGraw-Hill Co., 
1 94 5. 


Chapter 4.0 compounds of zinc, 

CADMIUM, AND 
MERCURY 


SOME COMPOUNDS OF ZINC 

(The metal, 507, 536) 

Zn ° Zinc oxide Insoluble 


Zn(OH), 
Zn(ONa)j-4 H.O 
ZnCIs 

ZnS 


Zinc hydroxide 
Sodium zincatc 
Zinc chloride 

Zinc sulfide 


Insoluble 

Soluble 

Very 

soluble 

Insoluble 


White. Used in rubber, lino- 
leum, etc. 

White. Amphoteric 
Colorless 

White, Gelatinizes cellulose 

White. Not as insoluble as 
CuS. Paint pigment 

Zinc Oxide, ZnO. This white solid has been made by burning 

the metal (French process) but most of it is prepared by direct 

roasting of the ores (direct process) with a large excess of air The 

dust is caught in bags which allow gases to go through. Ground 

with linseed oil, it forms one of the best white paints. Painters 

now- prefer an addition of from 5 to 35 per cent basic lead sulfate 
to the zinc oxide in paints. 

The greatest demand for zinc oxide, however, is as a filler in 
rubber goods especially automobile tires. It is mixed with gutta 
percha and Venice turpentine to make surgeon’s adhesive tape. 
As a filler in oilcloth, celluloid, and glazes it is important. Zinc 
oxide mixed with phosphoric acid sets quickly to a strong dental 
cement. Our annual production of this oxide is 1 1 5,000 tons. 

Zinc Hydroxide, Zn(OH)„ This white insoluble compound 
is readily formed by union of the Zn++ ion of any soluble zinc 
salt with the OH ions of any strong base: 

ZnS0 4 + 2 NaOH — > Na 2 S0 4 -f Zn(OH), 
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ZINC HYDROXIDE, Zn(OH), 
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It is an amphoteric hydroxide acting as an acid and a base. It 
is dissolved by a strong acid, which leads us to call it a base, but 
it is also dissolved by a strong base, so we are forced also to call 
it an acid : 


Zn(OH) 2 + 2 HC1 -> 2 H 2 0 + ZnCl 2 
Zn(OH) 2 + 2 NaOH -> 2 H .O + Na 2 Zn0 2 

Sodium zincate, Zn(ONa) 2 or Na 2 Zn0 2 , is a soluble salt. Zinc 
hydroxide evidently forms both H + ions and OH" ions in water. 

^Zn ++ + OH" + OH- 

Ionic space-lattice Zn(OH) 2 

^H + + H + + Zn0 2 “ 

When an excess of H + ions (from a strong acid) is added, the 
OH" ions arc removed as water and every equilibrium is dis- 
placed in the direction of basic ionization. The entire precipitate 
is converted into zinc chloride or some such salt. On the other 
hand if an excess of OH - ions is added (strong base), the H ' ions 
will be removed and every equilibrium displaced in the direction 
of the acid ionization. All the precipitate is converted into some 
soluble salt, such as sodium zincate. 

Zinc hydroxide also dissolves in an excess of ammonium hy- 
droxide, not because of the formation of ammonium zincate 
(which would be completely hydrolyzed) but because ol the 
formation of the soluble complex base, Zn(NHj) ,(OH) 2 . The 
concentration of simple Zn ++ ions derived from further ionization 
of the Zn (NH 3 ) 4 ++ ion is lower than it is in a saturated solution 
of zinc hydroxide. 


Exercise 

1. If ammonium zincate could be formed in any way, how would it react 
in aqueous solution? Why? 

A wet mixture of zinc chloride and zinc oxide sets to a solid 
cement of the basic chloride. In this respect zinc resembles mag- 


nesium. 
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Zinc Sulfide, ZnS. As the mineral sphalerite, zinc sulfide is 
yellow to black, yielding a white streak, but the pure precipitated 
compound is white (the only white sulfide). In the laboratory 
precipitation is secured by union of Zn 4 ^ ions and S“ ions. The 
sulfide ions may be from hydrogen sulfide or ammonium sulfide: 

(1) ZnCl 2 + HoS <=> ZnS + 2 HC1 

(2) ZnCl 2 + (NH 4 ) 2 S -> ZnS + 2 NH.Cl 


In reaction (1) there is a serious difficulty. At first the concentra- 
tion of S = ions from the hydrogen sulfide may be sufficient, 
with the Zn ++ ions, to exceed the solubility product of zinc 
sulfide. 


[Zn ++ ] X [S“] = K, solubility product 

But hydrochloric acid is formed as a by-product and its high 
concentration of If' ions greatly represses the slight ionization of 
hydiogen sulfide. Consequently very soon the S = ion concentra- 
tion falls so low that the solubility product of zinc sulfide is no 
longer exceeded and no further precipitation occurs. To be sure, 
addition of some other ion that would remove the offending 
H 1 ions of the hydrochloric acid would permit precipitation. A 
strong base with its OH' ions could do this. So could sodium 
acetate, with its acetate ions which tie up most of the H + ions in 
the form of weakly ionized acetic acid: 


H+ + OAc~ ^H-OAc 

Reaction (2) is favored because salts of hydrogen sulfide ionize 
li(<l\ and also because there is no acid formed to repress any 
essential ionization. So it is clear that zinc sulfide can be pre- 
cipitated by passing hydrogen sulfide into a solution of any zinc 
salt containing sufficient sodium acetate or by the use of any 
soluble sulfide other than hydrogen sulfide. 

Lithopone. This important pigment lias been mentioned in connection with 

barium sulfide. It is made by mixing solutions of barium sulfide and zinc 
sulfate: 

BaS + ZnSO, — BaSO« + ZnS 

Both products are white and insoluble. The precipitate first formed has no 
body or hiding power, but when washed, dried, heated to dull redness, sud- 
denly quenched in cold water, ground wet, washed, and dried again, it yields 
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an excellent pigment. Lithoponc is a brilliant white with better hiding power 
than zinc oxide. It is unexcelled for interior painting, for first coats, linoleum, 

floor oilcloth, and rubber compounding. 

Research has improved its quality so much that we now use over 160.000 tons 
of lithoponc per year, for both outdoor and indoor paints, even in mixtures 

with white lead. 

2. Why is zinc not used as a structural metal in the place of steel? 

Tests. The characteristic white color of zinc sulfide precipi- 
tated from solutions of zinc salts or zincates by ammonium sul- 
fide is a test for the metal. Any zinc compound moistened with 
a solution of cobalt nitrate and heated on charcoal gives a green 
stain (Rinmann’s green). 


ZINC CHART 


Zinc Oxide 


Zinc Ore 


Metallic Zinc 


Lithoponc* 


Paint 

Pharmaceuticals 

Rubber 

Celluloid 

Oilcloth 

Printing Ink 

Glue- 

Glass 

Glazes 

Galvanizing 


Tires and Tubes 
Rubber Footwear 
Rubber Clothing 
Surgical Rubber Goods 
Mechanical Rubber Goods 


, Brass 

Paint 
Linoleum 
Flat Wall Paints 
Window Shades 
Oilcloth 


Roofing 
Gutters 
Leaders 
Weather Strips 

Apparatus and Instruments 
Hardware 

Sheets, Tubes, and Rods 
Lighting Fixtures 
Castings 
Bronzes 


REACTIONS OF ZINC ION, Zn ++ 


H*S or (NH«) 2 S 
NaOH 

Excess NaOH 

NH 4 OH 

K 4 [Fc(CN)«] 


Zn , + 4- S“ — * ZnS, white 
Zn + + + 2 OH" — * Zn(OH)j, white 
Zn(OH) 2 + OH- H,0 + HZnO-r, colorless 
Zn + + + 4 NHj — [Zn(NHj)tl tf , colorless 
2 Zn + + + (FefCN)*]*- - ZnjlFc(CN)«), white 
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SOME CADMIUM COMPOUNDS 


Cd(NOj) 2 -4 H,0 
CdS 

K 2 Cd(CN) 4 


Cadmium nitrate 
Cadmium sulfide 


Potassium cadmo- 
cyanide 


Soluble White 

Insoluble Yellow. Good paint pig- 
ment. Not precipitated 
in very acid solution 
Soluble Colorless. Yields some 

Cd ++ ions 


Cadmium Sulfide, CdS, The most important compound of 
cadmium is cadmium sulfide. It is a very permanent bright 
yellow and is used as a pigment under the name “cadmium yel- 
low.” This sulfide is best precipitated in concentrations of HC1 
not exceeding 0.5 N. 

Cadmium Chloride in solution exists as the complex 
CdfCdCl.,], a salt of the hypothetical acid, H 2 CdCl 4 . 

Cadmium-plated steel should not be used for food containers 
as toxic cadmium salts may be formed. 


SOME COMPOUNDS OF MERCURY (MERCUROUS AND 
MERCURIC) 

(The metal is discussed on page 537.) 


FORMULA 

NAME 

SOLUBILITY 

Hg_>0 

Mercurous oxide 

Insoluble 

HgCl (or Hg 2 Cl 2 ) 

Mercurous chloride 
(calomel) 

Insoluble 

HgN0 3 H 2 0 

Mercurous nitrate 

Soluble 

Hg 2 S0 4 

Mercurous sulfate 

Slightly 

soluble 

HgO 

Mercuric oxide 

Insoluble 

HgCl 2 

Mercuric chloride 

Somewhat 

Hgl 2 

(corrosive 

sublimate) 

soluble 

Mercuric iodide 

Insoluble 

K ; - HgZ, 

Potassium mercuric 

Very 


iodide 

4 

soluble 

Hg(N0 3 ) 2 *2 H 2 0 

Mercuric nitrate 

Very 

soluble 

HgS0 4 

Mercuric sulfate 

Soluble 

Hg(ONC) 2 

Mercuric fulminate 

Insoluble 

HgS 

Mercuric sulfide 

Insoluble 

Hg(SNa) 



Soluble 


REMARKS 

Black-brown 
White. A medicine 

White. Readily hydro- 
lyzed 
White 

Red. Easily decomposed 
on heating 

White. Very poisonous 


Scarlet 

Yellow. Complex salt 

White 

White 

Detonator in explosive 
shells 

Black. Dissolves in Na-S 
Used in Group II, Quali- 
tative Analysis 
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MERCUROUS NITRATE, HgN0, H,0 

Tests. The yellow color of cadmium sulfide is a distinctive 
test for cadmium when separated from arsenic compounds. Cad- 
mium differs from copper with which it is grouped in qualitative 
analysis in that the complex cadmicyanide K 2 Cd(CN) 4 yields 
enough Cd 4-1- ions to allow precipitation of cadmium sulfide by 
hydrogen sulfide, while the complex cuprocyanide KCu(CN) 2 
does not yield enough Cu + ions to permit precipitation of insolu- 
ble copper sulfide. 

MERCUROUS COMPOUNDS 

Mercurous Chloride, HgCl. This insoluble white substance is 
used medicinally under the name calomel. It stimulates the liver 
and other glands. It is prepared by subliming mercury mixed 
with mercuric chloride: 

HgClo + Hg ^ 2 HgCl 

This reaction is slightly reversible so the poisonous mercuric 
chloride must be washed out of the sublimate with alcohol or 
water. Medical men arc careful to remember that light decom- 
poses mercurous chloride (2 HgCl — > Hg -f- HgCl>), forming 
some of the extremely poisonous mercuric chloride. Consequently 
they always keep calomel in dark bottles. The white chloride 
blackens in contact with ammonia. The color is due to the finely 
divided metal : 

2 HgCl + 2 NIT -> NH jCl + Hg + Hg(NH 2 )Cl 

Probably the reaction should be written 

Hg 2 Cl 2 + 2NH 3 -> NH.Cl + Hg + Hg(NH 2 )Cl 

The vapor corresponds to HgCl but the mercurous ion may be 
Hg 2 4+ as in Hg 2 CI 2 . 

Mercurous Nitrate, HgNOj-H a O. I his salt is obtained by 
the action of cold dilute nitric acid on excess mercury. Since 
mercury does not displace hydrogen from acids, the first step must 
be the formation of the oxide, which then reacts with the remain- 
ing nitric acid. Mercurous nitrate is hydrolyzed to such an extent 
that some nitric acid must be added to prevent precipitation of 
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the basic salt, Hg 2 (0H)N03. Some free mercury must also be 
present to reduce any mercuric ions formed by oxidation: 

Hg + Hg ++ -> 2 Hg + 

Mercurous Sulfate, Hg 2 S0 4 . This white, slightly soluble salt 
is prepared in a manner analogous to that used for mercurous 
nitrate: an excess of mercury is treated with sulfuric acid. Its 
chief use is in the standard cells for electrical measurements. 


REACTIONS OF MERCUROUS ION, Hg+ 


NaOH 
NH,OH 
HsS or NajS 
HC1 
KI 


2 Hg + + 2 OH" — Hg + HgO, black 
Hg + -f- NH 4 OH — * black precipitate 
2 Hg+ -J- S" — * Hg + HgS, black 
Hg + + Cl - — » HgCl, white 
Hg + 4 - 1“ — ► Hgl, green-yellow 


note: Mercurous ion may be associated as Hg, ++ . 


MERCURIC COMPOUNDS 

Mercuric Oxide, HgO. Lavoisier made this red substance by 

heating mercury in air at 300°-350°. This method is too slow, so 

usually it is prepared by heating dry mercuric nitrate with mer- 
cury: 

Hg(NO*)* 4- Hg -> 2 HgO 4- 2 NO> 

Mercuric Chloride, HgCl 2 . Mercury unites with chlorine 
with a green flame and the production of mercuric chloride, but 
the usual method ol preparation of mercuric chloride is to heat a 
mixture of mercuric sulfate and sodium chloride. A crystalline 
sublimate is secured: 

HgSO., 4- 2 NaCl -> HgCl 2 -f Na 2 S0 4 

A little manganese dioxide may be added before subliming in 
order to oxidize any mercurous sulfate formed. The sublimate 
melts at 288° and boils at 303°. It is somewhat soluble in cold 
water but much more so in hot water. Mercuric chloride forms 
fairly soluble complex salts with sodium or potassium chloride, 
such as K 2 HgCl 4 -H 2 0. The simple salt is very poorly ionized, 
differing from the nitrate. In 0.1 N solutions the chloride is only 
one per cent ionized and yields no precipitate with potassium 
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dichromate. On the other hand mercuric nitrate in 0.1 N solution 
is 10 per cent ionized and yields a precipitate with this reagent. 

This salt is extremely poisonous and is known to the public as 
corrosive sublimate. Since it coagulates albumen, the white of 
egg is the proper antidote. 

Mercuric Iodide, Hgl 2 . Mercuric iodide is formed as a yellow 
precipitate, instantly changing to scarlet, when Hg^ ions and 
I" ions are brought together. When heated above 126° the red 
modification turns yellow. On cooling below 126 the yellow 
tetragonal form may persist but on being scratched with some 
hard object it suddenly reverts to the red form. Similar color 
changes are found with some of the double iodides. With an 
excess of potassium iodide the soluble complex salt, KoHgC, is 
formed. Such a solution contains too low- a concentration ol 
simple Hg ++ ions to yield a precipitate of the oxide on addition 
of potassium hydroxide. Such a mixture of the complex salt and 
alkali is known as Nessler's solution. It is especially useful in 
analysis to detect and determine ammonium compounds. With 
ammonia a yellow color or even a precipitate is formed. 

The Hgl“ ion from K 2 -Hgl 4 may be diagrammed as follows: 


: I : 


I : Hg : I 

• • • • • * 

: I : 


Reversible thermal color changes arc useful in special paints 
applied to casings of bearings which may become overheated or 
as a stripe on boilers to indicate the water level. For example, the 
double or complex iodide Cu 2 (HgI.,) turns from scarlet to blac k 
rather sharply at 71°. For laboratory convenience marking sucks 
arc obtainable for temperature readings from 125° to 700 m 
steps of 25°; pellets reading 50° intervals up to 1600°. 

Mercuric Nitrate, Hg(NO,) a . This is a colorless, soluble salt 
produced by completely dissolving mercury in an excess ol hot 
nitric acid. (Compare with mercurous nitrate.) Its solution is 
very acid because of hydrolysis. 
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Mercuric Sulfate, HgS0 4 . By heating mercury in concen- 
trated sulfuric acid mercuric sulfate is formed. Mercuric sulfide 
is very insoluble, yet it is dissolved by a solution of sodium sulfide: 

HgS + Na 2 S -> Hg(SNa) 2 

This soluble sodium salt of the unstable and weak thio acid, 
Hg(SH) 2 . is hydrolyzed with formation of the free acid, which 
decomposes at once into a precipitate of HgS, and H 2 S, unless an 
excess of IVaOH is added to repress hydrolysis: 

Hg(SNa) 2 -f- 2 HOH ;=» Hg(SH) 2 -f 2 NaOH 

Hg(SH) 2 — >HgS l + H 2 S 

Tests. Precipitation of white mercurous chloride which turns 
black with ammonia is the usual test for mercurous salts. 

Mercuric salts arc detected by formation of the black sulfide, 
which is then converted into mercuric chloride by aqua regia and 
reduced by stannous chloride: 


2 HgClo + SnCl 2 -> 2 HgCl + SnCl 4 
2 HgCl + SnCl 2 -> 2 Hg + SnCl 4 

At first the white calomel is precipitated and later this is com 
pletely reduced to the black, finely-divided mercury. 


REACTIONS OF MERCURIC ION, Hg ++ 


NaOH 
N 11,011 
I t'S or Na-S 

K.I 

Excess K.I 
SnCU 


Hg ~+ 2 OH — * H a O +- HgO, yellow 

Hg’ -+- NH 4 OH — » white precipitate 

Hg + + + S" - HgS, black 

Hg *"* +2 1“-. Hgl,, red 

Hg“ ‘ +4T-. [Hgi 4 ]-, yellow 

Hg + + + Sn^ ■ — »Sn 4- -|- Hg, black 


Exercises 


3. How much mercury and sulfur dioside can be obtained from 8 metric tons 
ol cinnabar ore (60 per cent pure HgS)? 

4. How docs the mercury boiler work? 

5. At 400° the vapor density of mercurous chloride indicates a decomposition 
into two molecules. We might assume that 


I IgaCl.. ;=► 2 I IgCl 


TESTS 
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6. A man bought 250 g. of mercuric chloride, but received, by mistake, 
mercurous chloride. Being a chemist, he converted it into mercuric chloride. 
How much mercuric chloride did he gain by the mistake? 

7. Why doesn’t hydrogen sulfide precipitate all the Zn~^ from a solution of 
zinc chloride? 
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Chapter 41 compounds of 

ALUMINUM 


ALUMINUM CHART 


( The metal is discussed on pages 520 and 539.) 


FORMULA 

Al-,O a 


Al(OH) 3 
AICIj-6 H-0 
A1CL 


Al a (S0 4 ) 3 


KA1(S0 4 ) 2 -12 H 2 0 

KCr(S0 4 ), • 1 2 HO 
NaAlO, 

3 CaO AlaOa 


NAME 

Aluminum oxide 


Aluminum hydroxide 
Aluminum chloride 
Aluminum chloride 
(anhydrous) 
Aluminum sulfate 


Common alum 


Chrome alum 
Sodium aluminate 


Tricalcium 

aluminate 


SOLUBILITY 

Insoluble 


Insoluble 
Soluble 
Reacts with 


REMARKS 

White. The ruby is 
A1 2 Os with trace 
of chromium 
White. Amphoteric 
White 

Yellow-white. Im- 


HoO 

portant catalyst 

Soluble 

White. Used in 
water treatment, 
etc. 

Soluble 

White. Readily 
purified by re- 
crystallization 

Soluble 

Violet 

Soluble 

Colorless. Interme- 
diate in purifica- 
tion of bauxite ore 

Insoluble 

White. A compo- 
nent of Portland 


cement 


uminum Oxide, AI 2 0 3 . The mineral bauxite may be consid- 
ered as the hydrated oxide. Corundum is an impure form of the 
oxide, extremely hard, hence the variety know n as emerv is used 
as an abrasive or polishing material. If the mineral bauxite is 
heated until portions fuse (about 2050°) and then ground 
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ALUMINUM HYDROXIDE, Al(OH), 

powder, corundum is obtained and is used on a large scale as an 

abrasive under the name alundum. 

The gems ruby and sapphire are crystals of pure corundum 
colored by traces of other metallic oxides. Synthetic rubies are 
made very successfully by heating ammonium alum and a trace 
of chrome alum in the oxy-hydrogen flame. We now arc making 
millions of synthetic sapphires as jewel bearings for instruments 
on planes and naval vessels, as spray nozzles and as thread-guides 

in textile spinning. 

Aluminum Hydroxide, Al(OH) 3 . This white, insoluble hy- 
droxide or hydrous oxide is precipitated when any soluble base 
is added to a solution of an aluminum salt; in other words, by the 
arrangement in a space lattice of Al +++ ions with OH ions. 

Although aluminum hydroxide is a very weak base it is even 
weaker as an acid, consequently ammonium aluminate is com- 
pletely hydrolyzed: 

NaAlOa + NH 4 CU — NH^AIO, + NaCl 
NH .AlO -2 + 2 HoO Al(OH)a + NH .OH 


That it is a basic hydroxide is clearly shown by the tact that 
many acids dissolve it: 

Al(OH ) 3 + 3 H Cl -> AlCb + 3 H-.0 


That it is an acid is just 
sodium and potassium 


as clearly shown by the startling 
hydroxides dissolve it: 


fact that 


Al(OH ) 3 4- NaOH — » NaAlQ 2 + 2 H-O 


There is but one explanation. Aluminum hydroxide is ampho- 
teric, ionizing as an acid and as a base. 

AKOHjs 3=2 Al +++ + OH- + OH- + Oil- 
Solid H 1 T AIO 2 T H 2 0 


These equilibria may be disturbed in one direction by the addi- 
tion of an excess of OH" ions or in another direction by the addi- 
tion of an excess of H + ions. (Compare with zinc hydroxide.) 

With very weak bases or very weak acids, aluminum hydroxide 
forms no salts. Tor instance, the carbonates and sulfides of many 
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metals are precipitated from solution, but these salts of aluminum 
are not so precipitated. If aluminum sulfide, A1 2 S 3 , is formed by 
direct union of the heated elements and then added to water, it is 
completely hydrolyzed, with precipitation of the hydroxide: 

A1 2 S 3 + 6 H 2 0 -4 2 Al(OH) 3 + 3 H 2 S 

In fact, any attempt to precipitate aluminum sulfide by adding 
ammonium sulfide to a solution of an aluminum salt results only 
in precipitation of the hydroxide. Furthermore a solution of 
ammonium sulfide contains a noticeable concentration of hy- 
droxyl ions. 

When it acts as an acid, aluminum hydroxide is called aluminic 
acid, H 3 A10 3 , and its salts aluminates. By loss of water metalu- 
minic acid, HA10 2 , may form. The most stable aluminates at 
high temperatures are the salts of the meta-acid, such as NaA10 2 : 

/°H_ .OH 
Al.-OH — Al/ -f H a O 
X |OH! 

Aluminum Chloride, A1C1 3 . When aluminum or its hydrox- 
ide is dissolved in hydrochloric acid and the solution concen- 
trated, crystals of the chloride, AlCl 3 -6 H >0, are formed. Any 
attempt to secure the useful anhydrous salt by driving off the 
water fails. With rise in temperature hydrolysis increases, so that 
only the oxide and hydrochloric acid arc formed: 

2 A1C1 3 + 3 H >0 — > AI 2 0 3 + 6 HC1 

This reaction is really reversible and the water could be removed 
safely in a stream of dry hydrogen chloride. By mass action this 
would push the equilibrium to the left and yet remove the water. 
In actual practice it is simpler to leave water out of the situation. 
Dry chloiine, or even hydrogen chloride not quite dry, is passed 
through a tube containing hot aluminum. Aluminum chloride 
sublimes: 

2 Al + 3 Cl 2 — > 2 A1C1 3 
2 Al + 6 HC1 -> 2 A1C1 3 + 3 H 2 
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Crude anhydrous A1C1 3 is formed by the joint attack of hot 
carbon and chlorine on the oxide (from bauxite), the other 
product being carbon monoxide. The anhydrous salt is very 
useful in some organic reactions and in oil refining. It lumes 

strongly in moist air, due to hydrolysis. 

Double Salts. When certain salts are mixed in proper propor- 
tions and the solution concentrated slowly, crystals appear con- 
taining both salts in a very definite proportion. These are called 
double salts. The alums arc good examples: 

K2SO4 + A1 2 (S0 4 )3 + 24 H2O — > K 2 S0 4 - Al 2 (SO,) 3 -24 HoO 

In dilute solution these double salts yield the simple ions of their 
constituent salts. However, some salts on mixing form compounds 
which do not yield all the simple ions again. These are called 

complex salts: 


Fe(CN) 2 + 4 KCN -> K 4 Fc(CN) 6 

K 4 Fc(CN) 6 ^4K + + Fc(CN) 6 

The potassium ferrocyanidc mentioned here yields no simple iron 
ions, but instead the complex ferrocyanidc ion. As we have seen, 
a similar complex ion of cadmicyanidc breaks down to a slight 
extent, yielding some simple cadmium ions, but at equilibrium 
much of the complex still remains. 

The Alums. Common alum, KAl(SO,),- 12 H.O, may be 
formed as above by merely mixing solutions of potassium sulfate 
and aluminum sulfate in molecular proportions. On concentra- 
tion the solution yields octahedral crystals. Because many sub- 
stituted alums are possible by replacing potassium with almost 
any monovalent metal (Na, Cs, Rb, Ag, NH,), this is sometimes 
distinguished as “potash alum.” Still further substitution is pos- 
sible in that any one of several tnvalcnt metals may be used in 
place of aluminum. These all crystallize with twelve molecules of 
water and all have the same characteristic crystalline form. Below 
are given some of the best known alums: 


NaAl(S0 4 ) 2 - 12 H 2 0, soda alum 
NH 4 AI(S0 4 ) 2 12 H 2 0, ammonium alum 
KFc(S0 4 ) 2 * 12 HoO, iron alum 
NH 4 Cr(S0 4 ) 2 12 H 2 0, ammonium chrome alum 
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1. Why isn’t the double sulfate formed by mixing solutions of ferrous sulfate, 
FcSO.,, and ammonium sulfate, (NH^ 2 S0 4 , an alum? 


Common alum has many uses, but for most of these the cheaper 
aluminum sulfate is just as good. The alums have one advantage 
for certain special uses — they crystallize better than the simple 
sulfate and consequently are more readily purified by fractional 
crystallization. The plain sulfate is added to city water supplies 
to aid in removing suspended matter and bacteria. If the water 
is soft, a little lime is added at the same time to insure precipita- 
tion of the gelatinous aluminum hydroxide. The bicarbonates of 
hard water serve as well as the lime: 


A 1 2 (S 04) 3 + 3 Ca(HC0 3 ); -> 3 CaS0 4 + 2 A1(HC0 3 ) 3 
A1(HC0 3 ) 3 + 3 HoO -> Al(OH) 3 + 3 H 2 C0 3 


In sizing paper to prevent the spread of ink it is the practice to 
mix an alkaline rosin soap and aluminum sulfate in the pulp. 
I he resulting reaction yields free rosin throughout the paper 
where it is wanted. On passing through hot rolls the rosin melts 
throughout the paper. 

Aluminum sulfate is used to the extent of 325,000 tons a year, 
and this is augmented by 18,000 tons of sodium aluminum sulfate. 

A number of aluminum salts arc used as mordants, substances 
which fix a dye to the fiber. 


Brick and Pottery. Kaolin or china clay is the weathered 
residue from feldspar. Its composition is represented by 
Hj.\l.»(SiO ,) 2 • HjO, or by Al>0 3 • 2 Si0 2 • 2 H ,0. while that of 
feldspar, its ancestor, is KAlSi 3 Og. Common clav owes its color to 


impurities, usually oxides of iron. In burning brick or tile the im- 
purities fuse and act as a bond for the clay particles. Fire brick, 
with its gieat infusibility, must be made from very pure clay. It 
softens at about 1500° C. 

7 he kaolin type ol clay (china clay used in ceramics) has little 
affinity for water, does not swell much when wet, and has very 
little base exchange property. The montmorillonite type (the 
other extreme) absorbs much water, swells markedly when wet, 
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and has high base exchange action. Other clays (the lllitic type) 
are intermediate. 

Sand-lime brick is hydrated calcium silicate, formed by the 
action of steam on a mixture of lime and fine silicon dioxide. 

Porcelain is a fired mixture of kaolin and feldspar. I he more 
fusible feldspar binds the kaolin particles and makes the mass 
translucent. When such ware is dipped into a water suspension of 
ground feldspar, dried, and burned again, it receives a glaze of 
feldspar. Cheaper ware as ordinary table dishes may be so porous 
that a glaze is absolutely essential. If the glaze has a different 
coefficient of expansion from the body of the ware, it cracks with 

temperature changes. 

Portland Cement. The Romans ground together volcanic 
ashes and lime to form a cement that, when mixed with water 
set to a solid. Some specimens of this Puzzolan cement are still 


Portland Cement 


Oversltc 


WuU Multlpl* Cottrell 

Filter Ural Boiler .‘C> clones* Precipitator ( 


Shale 
Limeatooe 
Sends too a 


To Poteah 
Recovery 

• FueJ 


Wet Process 
With Closed Circuit 
Grinding and Potash 
Recovery 

Note: No Known Plant 
Per forma Both Bowl 
Classification and 
Potash Recovery 



Shale GOO Lb. 

Limestone 1,900 Lb. 

Sandstone 0-70 Lb. 

Gypsum 70 Lb, 


Water 

Coal 

Power 

Direct Labor 


760 Cal. 

100 Lb. 

90 Kw-hr. 
2.1 Man-hr. 


Per Ton 
of a Typical 
Cement 


Fig. 133. Portland cement flowsheet. (Courtesy Chan. Met. Eng.) 

in good condition. Today wc do practically the same thing in 
grinding together blast-furnace slag (granulated) and lime. Hut 
the best of these hydraulic cements is the modern Portland ce- 
ment The essential raw materials are clay and limestone. I he 
raw materials are finely ground, fired in a rotary kiln to incipient 
fusion (the edges of lumps just melting), and the clinkcred prod- 
uct is ground again. These rotary kilns are nearly horizontal, 
from 60 to 200 feet long, and 6 to 9 feet in diameter. 1 hey are 
heated with powdered coal (sec copper smelting). Nearly 
8,000,000 tons of powdered coal are used as fuel in the cement 
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l ig. 1.34. Ktmlck'r Dam would have 
Ix-en impossible without Portland ce- 
ment. 
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industry, annually. The cement powder (of 200-mesh fineness) 
when used for walls, walks, etc., is mixed wet with sand and gravel 
as a filler to form concrete. One part of cement is added to 4 parts 
ol sand and 8 of gravel. The surfacing mixture contains one part 
cement to 2 or 3 of sand. The United States has produced as 

much as 187,000,000 barrels of 
cement in a single year. 

A cement road requires a 
week or more for “setting,” in 
fact it is all the better if the 
surface is covered with a laver 
of wet straw while it cures. 

I he Boulder Dam would not 
have been built but for the dis- 
covery of the Portland cement 
process. This mammoth struc- 
ture, containing 4,400,000 cubic 
yards of concrete, developed so 
much heat from the setting reactions that it was necessary to in- 
corporate 750 miles of cooling pipe as the mass grew in height. 

C lold water was circulated through the pipes but finally they were 
filled with concrete paste. Without this precaution temperatures 
above normal would have continued for two centuries, it was 

estimated, and dangerous shrinkage cracks would have de- 
veloped. 

Portland cement is, within limits: 

a C»aO • SiO-.>, slow to set 

2 C.aO SiO., slowest, complete in months 

3 GaO • Al-jOa, quick-setting 

4 CaO • AI-jC ) 3 • Pe-jOa, maximum strength in 1 day 

Gypsum, not above 4 per cent, is added to retard the set or 
hardening. Setting results from the hydration, hydrolysis, and 
crystallization ol components after addition of the proper amount 
ol water. I he electron microscope shows the presence of a fibrous 
mass and spheres of calcium hydroxide; of rhombic slabs of hy- 
drated dicalcium silicate; of hexagonal plates and needles of 
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hydrated tricalcium aluminate; and needles of a complex cal- 
cium sulfoaluminate. 

Soil water containing calcium sulfate, or other sulfates, causes 
swelling and disintegration of cement due to a change of the tri- 
calcium silicate to calcium sulfoaluminate. Too much alkali in 

soil also damages cement. 

The Rare Earths. Monozite sand, a mixture of complex phos- 
phates of the rare earths occurs in Brazil and Ceylon. I he va- 
lence number of these elements in their compounds is three like 
M..O 3 However, cerium ores form a dioxide, Ce0 2 . The old gas 
mantle was essentially a mixture of 1 per cent cerium dioxide and 
99 per cent of thorium dioxide. A pyrophoric alloy ol rare eaith 
metals is used as the friction gas lighter. Thorium has now be- 
come very important because, like Uranium-235, it is fissionable, 

may yield atomic power. . 

The rare earths have a number of minor uses such as in the 
cores of carbons for searchlights and movie studio lights, in 
making glass for certain optical purposes, and in some enamels. 

Indium forms an amphoteric hydroxide, In(OH)a. Thallium 
forms Tl(OH ) 3 which reacts with acids (but not with bases) to 
form salts such asTICh, strongly hydrolyzed. Another hydroxide. 
TlOH is a strong base, moderately soluble in water. Gallium 

hydroxide, Ga(OH) 3 , is amphoteric. 


Exercises 

2. What is an alum? Name some. 

3. Define a double salt: a complex salt. Name some complex mercury salts. 

4. How much aluminum may be obtained from 1 metric ton (1000 kg.) of 
an ore which is 85 per cent bauxite, Al,0 3 -2 H,0? 

5. A certain sample of bauxite contained 1 3 per cent iron oxide and 87 per cent 
AhOa- 3 HsO. How many grams of the ore would be rcquircc to proc u< < 

1750 g. of aluminum? 

6. What weight of aluminum oxide can be obtained from 412 g. of sodium 
aluminate (NaAlO*)? How? 

7. If water, Portland cement, sand, soda, and granular aluminum were 
mixed, what might happen? Can you see any uses for which the 
product might have advantages? 



476 


COMPOUNDS OF ALUMINUM 


8. What is clay? If heated with concentrated sulfuric acid, new products 
are formed. What arc they? How could you hope to make metallic alu- 
minum from any of these products? In what locations might such a process 
have the best chance of success? 

9. Since iron and steel corrode or rust in contact with water, oxygen, and 
carbonic acid of the air, would you have reason to hope that the steel rods 
or beams in “reinforced concrete” would not rust? Why? 

10. Add a solution of (NH 4 ) 2 S to a solution of AlClj. What is the precipitate? 

1 1. If told that a certain white powder is zinc sulfate or magnesium hydroxide 
or aluminum hydroxide, how would you test for each? 

12. The heat of combustion of calcium is greater (per gram equivalent) than 
the heat of combustion of aluminum. Could you reduce CaO to metallic 
calcium by the thermit process? 
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Chapter 42 compounds of tin 

AND LEAD 


SOME COMPOUNDS OF TIN 


(The metal, 508, 543) 


FORMULA NAME 

SnO Stannous oxide 

Sn(OH)i Stannous hydroxide 

Sn(ONa) 2 Sodium stannite 
SnCl r 2 H 2 0 Stannous chloride 

SnS Stannous sulfide 


SOLUBILITY 

Insoluble 

Insoluble 

Soluble 

Soluble 

Insoluble 


Sn0 2 Stannic oxide Insoluble 

(H 2 Sn0 3 ) t Mctastannic acid Insoluble 


Na 2 Sn0 3 

SnCI« 

SnS 2 

Na 2 SnS 3 


, Sodium stannate Soluble- 

Stannic chloride Reacts with 

HoO 

Stannic sulfide Insoluble 

Sodium sulfostannate Soluble 


REMARKS 

Black 

White. Amphoteric 

Colorless 

White 

Brown-black. Soluble in 
polysulfides 

Cassilerite ore 

Converted to soluble stannate 
by fusion with NaOH 

Colorless liquid. Fumes in 
moist air 

Yellow 

By reaction of SnS + Na 2 S 2 


STANNOUS COMPOUNDS 

Stannous Chloride, SnCl,. When tin is dissolved in acids the 
hydrogen evolved insures the formation of salts of the lower 
valence number. The same is true of iron and other metals which 
exhibit two valence numbers. If any stannic chloride were 
formed, it would be reduced by the active hydrogen: 

Sn + 2 HC1 — > SnCl* + H 2 
SnCl 4 + 2 H — > SnCl, + 2 HC1 

In solution this salt is a good reducing agent. For example, it 
reduces mercuric chloride to metallic mercury: 

( 1 , SnCl, + 2 HgClj - 2 HgCl + SnCl, 

(2) SnCl, + 2 HgCl - 2 Hg + SnCl. 

477 
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Stannous Hydroxide. White, gelatinous hydroxide, Sn(OH) 2 , 
stannous hydroxide, is much like zinc hydroxide and aluminum 
hydroxide in that it dissolves in strong acids as well as in strong 
bases. Therefore it is amphoteric. 

The soluble salt, Sn(OiMa) 2 or Na 2 Sn0 2 , is called sodium stan- 
nite, which suggests that stannous hydroxide may also be termed 
stannous acid. 

Stannous Sulfide, SnS. This insoluble brown-black sulfide is 
precipitated by hydrogen sulfide from solutions of stannous salts: 

SnCl 2 + H 2 S -> SnS + 2 HC1 

As this reaction shows, it is not dissolved by dilute acids. Unlike 
the lower sulfides of arsenic and antimony, it is not soluble in 
the simple alkali sulfides. With polysulfides it forms the soluble 
sulfostannatcs which are important in qualitative analysis: 

•SnS -f- Na 2 S 2 — > Na 2 SnS 3 
STANNIC COMPOUNDS 

A solution of stannous chloride is partially oxidized in air with 

the formation of stannic chloride and the basic chloride of stan- 
nous tin : 


/OH 

6 SnCl 2 + 0 2 + 2 H a O — > 4 Sn<f -j- 2 SnCl 4 

X C1 

B> addition of acid this basic chloride is converted into stannous 
chloride : 


, / OH + H Cl 


Sn 


Cl 


SnCl 2 + HoO 


An easy way to keep a solution of a stannous salt is to have a few 
pieces of metallic tin and some acid present. The metal acts as a 
reducing agent, as docs the hydrogen released. 
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Stannic Chloride, SnCl*. Stannic chloride is prepared in solu- 
tion by passing chlorine into a solution of stannous chloride: 


SnCl* + Cl-> -> SnCU 

The liquid anhydrous form is made by passing chlorine over 
hot tin. 


Exercise 

1. If you added bromine water to a solution of stannous chloride, how would 
you know when all the tin was oxidized? Write the equation. 

a-Stannic Acid, H 2 Sn0 3 . The alpha form of stannic acid is readily pre- 
pared by addition of ammonium hydroxide or sodium hydroxide to a solution 
of a stannic salt. We might expect Sn(OH) 4 , but this loses water and yields 
H 2 Sn0 3 . The rest of the water may be driven off and the anhydride, SnO : , 
secured. I'hc white gelatinous precipitate of a-stannic acid dissolves readily 
in excess alkali, forming stannates, such as Na 2 SnC) 3 . The acid also dissolves 
easily in dilute mineral acids. 

0-Stannic Acid (H 2 Sn0 3 ) 6 (Metastannic Acid). When slightly diluted 
nitric acid reacts with tin, a hydrated form of the dioxide is produced as a 
white, insoluble powder. This form of stannic acid, unlike the alpha, is almost 
insoluble in dilute mineral acids. It is not readily attacked by alkalies, but if 
fused with sodium hydroxide it is converted into sodium u-stannatc, identical 

with the salt secured by using the simple dioxide. 

When metastannic acid is ignited ordinary tin oxide, SnO s , results, h is an 

important constituent of white enamels. 


Tests. Tin compounds arc usually recognized by converting 
them into stannous chloride which reduces mercuric chloride to 
white, insoluble mercurous chloride and gray finely divided mer- 
cury (sec page 466). The brown-black stannous sulfide, soluble in 
polysulfides, and the yellow stannic sulfide, soluble in alkali sul- 
fides, arc both well known in analysis. The ease ol reduction of 
the oxide by hot carbon is noteworthy. 


2 . 

3. 


Vhy arc we able to make sulfuric acid in lead chambers without loss of lead ? 
low docs the existence of lead carbonate in water suspension show that 
*b(OH)j is not an extremely weak base? 
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SOME COMPOUNDS OF LEAD 

(The metal is discussed on pages 517 and 544.) 

FORMULA 


PbO 

Pb0 2 

Pb 3 0< 

PbCl 2 

Pbl 2 

PbS 
Pb(NOj) 2 


NAME SOLUBILrrY 

Lead monoxide Insoluble 
(litharge) 

Lead dioxide Insoluble 


Red lead 

Lead chloride 

Lead iodide 

Lead sulfide 
Lead nitrate 


Insoluble 


Pb(C 2 H 3 0 2 ) 2 - 3 H 2 0 Lead acetate 

(sugar of lead) 


Insoluble but 
soluble hot 
Insoluble but Yellow 
soluble hot 
Insoluble 
Soluble 
Soluble 


Remarks 

Yellow. Anhvdride of 
Pb(OH) 2 

Brown. Anhydride of 
Pb(OH) 4 

Red. Probably 2 PbO. 

Pb0 2 . Pigment 
White 


PbS0 4 

PbCrO* 

2 PbC0 3 • Pb(OH) 2 
Pb(OH)j 


Lead sulfate 
Lead chromate 
White lead 
Plumbous acid 


Insoluble 

Insoluble 

Insoluble 

Insoluble 


Black 

White 

White. Poisonous, like 
all soluble lead salts 
White 
Yellow 

White. Paint pigment 
Amphoteric 


3re f ° Ur ° X ' deS ° f 1Cad ’ on, y two are 

Ph O lc , ad j T,onoxide (litharge), yellow red 
lead trioxide, orange yellow 

lcad dioxide, chocolate brown 

I b.o,, lead te.roxide (mininm or red lead) red 

obu Pb 0 ‘ J HiS yeilo 0 "'- rcd Powder is 
pass into the monoxide. It is used' in jia ' 585 311 ^ 

and is * 

- SS= SSL-ssc- * 

Ca(OCI)CI + Na 2 Pb0 3 + H,0 _ PbO, + CaCl, + 2 NaOH 
tlfogen sudfide ^s'passed'over h fc Hy- 

the anhydride of plumbic acid (or i^^e)^(o^T idCrCd 
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WHITE LEAD PAINT 

Red Lead, Pb 3 0 4 . Red lead, or minium, is prepared (40,000 
tons annually in the United States) by carefully heating litharge, 
PbO, in air not above 585°. Above that temperature it decom- 
poses into the monoxide and oxygen. 

6 PbO + 0 2 «=± 2 Pb 3 0 4 

It is used in considerable quantities as a pigment in red 
paints and also as an oxidizing agent. Writing the formula as 
2 Pb0Pb0 2 we can understand why nitric acid dissolves only 
the basic PbO, leaving the acidic Pb0 2 . As a paint pigment red 

lead forms tough, elastic lead soaps. 

The Lead Storage Battery. This important cell is described 

on page 578 under Electrochemistry. 

The Halides of Lead. Lead chloride, PbCl 2 , formed by the 
union of Pb ++ ions and Cl' ions or by the action of hot concen- 
trated hydrochloric acid on the monoxide or carbonate, is some- 
what soluble in hot water, but only sparingly soluble at room 
temperatures. On cooling the hot-water solution white crystals 
separate. It is much more spectacular to cool a hot-water solu- 
tion of the yellow lead iodide, Pbl 2 . Beautiful gleaming gold 
crystals settle like so many spangles. The bromide is much like 
the chloride and iodide in solubility. All these halides ol lead 
form complex salts with the alkali halides (compare with mer- 
curic halides). . 

White Lead Paint. A paint is prepared by grinding some 

heavy insoluble pigment of sufficient covering power with linseed 
oil or other drying oils. Finally thinner* are added The drying 
of paint is not really a loss of water, but oxidation ol the oil with 
the formation of a tough, solid film. This oxidation ol the oil is 
hastened by catalytic dryers made by boiling manganese dioxic e, 
etc with linseed oil. Among the pigments used are white lead, 
red’ lead, barium sulfate, lead chromate, zinc oxide, cadmium 
sulfide, lithopone, iron oxides, and TiO„ but the one most used 
is white lead or basic lead carbonate, Pb(OH),-2 PhCOj, know 
to the ancient Greeks. In the United States alone nearly 20U,000 

tons are used annually. 

By the famous Old Dutch process, lead sheets rolled into ‘-buckles’' ' are 
placed in earthenware poL, just above some dilute acet.c aetd. A later of 
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pots is set on spent tan bark from the tannery, another layer of pots is supported 
by loose boards above the first, then a layer of tan bark, and so on until a 
chamber 20 X 20 X 30 feet is filled. Fermentation of the tan bark yields 
carbon dioxide and heat, up to 85° C. The heat vaporizes acetic acid and 
moisture, which attack the lead with the formation of basic lead acetate. The 
carbon dioxide changes this into basic lead carbonate. After three or four 
months the sealed chamber is opened. The corroded buckles are rolled, washed 
and screened by means of silk cloth containing 30,000 openings to the square 
inch. The fine white powder is ground in oil and marketed. 

By the Carter quick process lead powder is sprayed with acetic acid in the 
presence of carbon dioxide. Xhis is a one -day process. 

In the Sperry electrolytic process lead ions go into solution from anodes 

meet acetate and carbonate ions in the bath and form a precipitate of “white 
lead/’ Explain. 

Emulsions of alkyd resins are beginning to rival paints for coating metals. 

Exercises 

4. What is formed when tin is treated with hydrochloric acid? With nitric acid 
dilute and concentrated? 

5. How is litharge made? Red lead? “White lead”? 






Chapter 43 


COMPOUNDS OF THE 
CHROMIUM GROUP 

and manganese 


Chromium and Manganese 

Although chromium is found in Group VI of the Periodic Table 
and manganese in Group VII, they have so many points in com- 
mon that they should be studied together. 1 hese two elements 
are remarkable for the number of their oxidation stages and the 
great variety of their compounds. Their lower oxides are basic 
and their higher oxides acidic (compare with lead). 


SOME COMPOUNDS OF CHROMIUM 


(The metal is discussed on pages 509 and 547.) 

N AMP. SOLUBILITY REMARKS 

Chromous chloride Soluble Product of Cr + HC1 


FORMULA 

CrCl 8 


Valence 


CrCU-6 H 2 0 

Cr 2 Oj 

CrOa 


Chromic chloride Soluble Green 
Chromium trioxidc Insoluble Green 
Chromic anhydride Reacts Red. Anhydride of 

with HjCrO« 


Cr(OHj» 

H,CrO, 

K 2 CrO« 

Na 2 Cr,O r 2 H 2 0 
PbCrO« 

BaCr0 4 

Ag?CrO« 


H : 0 

Chromic hydroxide Insoluble 
Chromic acid Soluble 

Potassium chromate Soluble 
Sodium dichromatc Soluble- 
Lead chromate Insoluble 
Barium chromate Insoluble- 
Silver chromate Insoluble- 
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Blue-green 

Yellow 

Yellow 

Orange- 

Yellow. Pigment 
Yellow. Pigment 
Red. Pigment 


2 

3 

J 

6 

3 

r, 

6 

6 

6 

6 

6 
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Such salts as K 2 Cr 2 07 , potassium dichromate, may be written, 
K 2 0-2 Cr0 3 , somewhat like the salts of pyrosulfuric acid. The 
chromate, K 2 CrO.„ could be written K 2 0 • Cr0 3 . In K 2 Cr 2 0 7 , the 
oxide of chromium is the same as in K 2 Cr0 4 . Therefore, no new 
valence series is illustrated, but a new set of chromates, just as 
there are two sets of phosphates, ortho and meta, and two sets of 
sulfates derived from the ortho and pyro acids. 

There arc, therefore, three principal series of salts of chromium 
— chromous, chromic, and the chromates. Of these, the chro- 
mous salts are so easily oxidized to the chromic forms that they 
are preserved with difficulty. 

T he normal electron arrangement in the chromium atom, 
counting electron shells from the nucleus out, is 2, 8, 8, 6 as in 
the chromates and dichromates. Here the valence shell contains 
six electrons. In the green and violet chromic salts the arrange- 
ment is 2, 8, 11, 3 and the valence shell contains only three 
electrons. 

Chromous Compounds. When chromium is dissolved in hy- 
drochloric acid it is chromous chloride, CrCl 2 , not chromic chlo- 
iide, CrCl 3 , that is secured. The active hydrogen released and 

the excess metal would reduce any chromic chloride to the lower 
form. 

Chromic Compounds. The ordinary form of chromic chloride 
is soluble and green. It is made easily by reduction of a dichro- 

matc or of Cr0 3 , chromic anhydride, with alcohol, C>H&OH, in 
a solution of hydrochloric acid: 

2 Cr0 3 + 6 HC1 + 3 C 2 H 5 OH -> 2 CrCl 3 + 3 C 2 H 4 0 -j- 6 H 2 0 

The aldehyde, C 2 H 4 0, resulting from oxidation of the alcohol is 
volatile, so only the green solution of chromic chloride is left 
Green chromic chloride may also be formed by the action of 
hydrochloric acid on chromic hydroxide. 

The insoluble anhydrous chromic chloride, CrCl 3 , is prepared 
by the action of chlorine on chromium. 

Chromic Hydroxide, Cr(OH) 3 . This hydroxide is formed as a 
bluish-green amorphous precipitate when ammonium hydroxide 
is added to a solution of a chromic salt. The stronger bases could 
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be used, but the hydroxide dissolves in an excess of sodium hy- 
droxide. It is probable that the reaction proceeds as follows: 


,0| Hj2_HCjNa 

Cr<— OH 


OH 


/ONa 

Cr(0H 

X OH 


Cr 


% 


ONa 

O 


(NaCrOe) 


Chromic hydroxide also dissolves in acids, because it is ampho- 
teric. 

Green and Violet Chromic Salt Solutions. Chromic salts show isomerism, 
that is, there may be two or more substances of the same composition but 
different structure and therefore different properties. Chromic chloride 
CrCh-6 H-O, yields green solutions usually but may yield a violet solution. 

From the violet solution Ag + ions precipitate all the chlorine as AgCl. f rom 
one green form Ag + ions precipitate only two-thirds of the chlorine and from 
the other green form precipitate only one-third. By Werner's theories (page 486) 
this difference is due to the existence of complex ions in solution. 1 he chro- 
mium atom with its coordination number of 6 can hold in a complex ion 
six groups made up of different proportions of H-O or Cl. 

[Cr(H20),] +++ Cl 3 - (Cr(H,0) i Cl] ++ Cl 2 -H,0 

violet green 

|Cr(H-0) 4 Cl>] + Cr-2 H-O, green 

Only the chlorine outside the complex is ionizablc. Werner studied similai 
series of compounds of platinum, cobalt, and other metals. In manv instances 

the NHj molecule played the role of H-O above. 

Platinic chloride shows a coordination series somewhat similar to that ol 

chromium chloride: 


PtCh + 2 HC1 
[PtCl«]Hj 


PtCU + HC1 -f H-O 

[‘“•oh] 11 ’ 


PtCh -I- 2 H-O 


etc. etc. 

[Pt(OH)„]H, 


Here the coordination number of platinum is six. As stated before, the cupric 
ion coordinates four NHj molecules. 

In K 4 Fc(CN),, the six CN~ ions are coordinated by the central le‘ f ion, 
forming the complex anion, Fe(CN)„ . 


COORDINATION COMPOUNDS 

Werner in 1893 stated that each element, or atom, has a defi- 
nite coordination number — that it can surround itself with a 
definite number of coordinating groups, usually six although lour 


is common. 
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The central atom must be large enough for all attached atoms 
to make contact. In crystallized metals there may be twelve 
neighbors to each atom. Evidently the ionic radius has a great 
influence on the coordination number. So does ionic charge but 
the transition elements’ ability to coordinate is far beyond ionic 
charge influence. The coordination bond is predominately 
covalent in nature. 

The coordination number of lithium and cations of similar size 
is six. With larger cations (alkali and alkaline earth metals) the 
number runs up to twelve. The larger the cation the greater the 
number of anions that can be packed around it. 

Water, ammonia, the simpler alcohols, and the halide ions co- 
ordinate with nearly all the metals. Water in a crystalline hy- 
drate may (1) coordinate with cations; (2) coordinate with 
anions; (3) take its place in the crystal lattice; (4) enter into open 
spaces in indefinite amounts. 

Chromates and Dichromates. The mineral chromite is the 
starting point in the manufacture of chromates. Fused in the air 
with potassium hydroxide, or with limestone and sodium car- 
bonate (possibly with addition of a solid oxidizing agent), 
chromite yields the soluble sodium chromate which on addition of 
acid is converted into the dichromate: 

4 Fe(CrO,) 2 + 7 0, + 8 Na 2 C0 3 ->2 Fe 2 0 3 +8 Na 2 CrC> 4 + 8 C0 2 

Here the valence of chromium is raised from three to six. Addi- 
tion of concentrated sulfuric acid to a solid chromate, or dichro- 
matc, liberates chromic acid, H 2 Cr0 4 , or dichromic acid, 
H 2 Cr 2 0 7 , and promptly dehydrates it into the anhydride, Cr0 3 . 

I his piecipitatcs in red crystals which readily dissolve in water 
and rehydrate to the acid. 

Since potassium dichromate is much more soluble hot than 
cold, it is easily purified by crystallization. The remarkable 
change in color from the yellow chromate solutions to the orange- 
red dichromate solutions on acidifying, with the reverse action 
on neutralizing with a base, may be explained by supposing that 
the CrOr ions react with H + ions to form Cr 2 0 7 ~ ions and water. 
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Both chromate and dichromate solutions may exhibit the follow- 
ing equilibrium condition, shifted one way or another: 

2 CrOr + 2H + ^ Cr 2 Or + H 2 0 

Addition of an acid increases the concentration of H + ions and 
drives the reaction to the right. Addition of a base uses up the 
H + ions and drives the reaction to the left. Since both Cr0 4 and 
Cr 2 0 7 = ions are present in a dichromate solution, addition of 
Pb++ ions must result in formation of the more insoluble of the 
two salts, lead chromate and lead dichromate. Lead chromate, 
PbCrCb, is extremely insoluble and is precipitated. It is a yellow 
pigment used in paints. Barium chromate, BaCr0 4 , is a yellow 
precipitate formed under similar conditions. Sodium dichromate 
is used to the extent of 22,000 tons yearly in the “chrome tan- 
ning” of the lighter skins. It is reduced in the hide to the trioxide 
(Cr 2 0 3 ), which forms an insoluble compound of some sort with 
the hide material. “Chrome orange” is basic lead chromate. 
Zinc chromate is greatly used by the Navy as a primary protective 

coat on metal. 

The dichromatcs are used as commercial oxidizing agents. In 
oxidizing various substances the chromium usually falls in 
valence from six to three as illustrated here in the reaction with 
sulfurous acid. Since the basic oxide, Cr 2 0 3 , is liberated in the 
reduction of a dichromate some extra acid is required to dissolve 

it as chromic sulfate: 

K 2 Cr 2 0 7 + 3 H 2 S0 3 + H 2 S0 4 - K 2 S0 4 + Cr,(SO,), + 4H*0 

6 FeSO< + K 2 Cr,0 7 + 7 H,SO, 

-> 3 Fe 2 (SO < ) 3 + Cr 2 (S0 4 ) 3 + K 2 SO, + 7 11,0 

Show the electron transfer as with manganese on page 491. 
Chromic acid and a number of chromium salts cause a severe 
irritation of the skin, so care is required in their handling (as in 

chrome plating). 

Tests. Chromium compounds may be detected by convcrsi 
into chromic salts and by addition of sodium peroxide to a hit e 
of the very concentrated solution. The soluble yellow sodium 
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chromate formed is made slightly acid (but not with HC1 or 
H 2 SO 4 ) and treated with a solution of a lead salt. Yellow lead 
chromate, PbCrO*, is precipitated. 

Chromium is grouped, in analysis, with ferric iron and alumi- 
num because of the insolubility of its hydroxide. Like that of 
aluminum its hydroxide dissolves in an excess of base. 

When a chromate or dichromate is acidified and shaken with 
a solution of hydrogen peroxide, blue perchromic acid, HCr0 4 , is 
formed. It is very unstable in this solution, but if a layer of ether 
is present the blue compound dissolves in the ether on shaking 
and lasts for some time. This reaction may be used as a test for 
chromium or for hydrogen peroxide. 


SOME COMPOUNDS OF MANGANESE 


(The metal is discussed on pages 510 and 547.) 


FORMULA 

MnO 

Mn(OH)j 


MnS 

MnSG, • 5 H ; 0 
MnCh-4 H.O 
MnO; 

K;M nO| 
KMnO, 


NAME solubility 

Manganous oxide Insoluble 
Manganous hydroxide Rather 

insoluble 

Manganous sulfide Insoluble 
Manganous sulfate Soluble 
Manganous chloride Soluble 
Manganese dioxide Insoluble 
Potassium manganate Soluble 
Potassium Soluble 

permanganate 


REMARKS 

Green 


Dissolved by 
NH 4 C1 
solution 
Pink-brown 
Pink 
Pink 
Black 
Green 
Purple 


Valence, 2 


2 

2 

2 

2 

4 

6 

7 


With chromium, the valence numbers 3 and 6 are important, 

but with manganese emphasis is placed on valence numbers 2 
and 7. 

The normal electron arrangement in the manganese atom 
s ou e 8 , 8 , 7 and this is found in the permanganates. In 
the green manganates it is 2, 8 , 9, 6 , while in the manganic salts 
it is _, 8 , 12, 3. Finally in the manganous salts it is 2 8 13 2 
with only two valence electrons. The effective atomic radii are 
for Mn + , 0.91 A; for Mn 4+ , 0.52 A; and for Mn 7 +, 0.46 A. 

Manganous Compounds. Freshly precipitated manganous hy- 
droxide, Mn(OH) 2 , is of about the same order of solubility as 
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magnesium hydroxide. Consequently ammonium salts dissolve 
it just as they dissolve the latter hydroxide. It is all a matter of 
decrease in OH - ion concentration, due to the formation of 
weakly ionized ammonium hydroxide and suppression of its 

ionization. 


Exercise 

1. Review the chemistry of magnesium hydroxide and then write the equations 
for the dissolving of manganous hydroxide in ammonium salt solutions. 


Manganese sulfide is the most soluble sulfide of the heavy 
metals. It is not precipitated by hydrogen sulfide unless a base 
or a considerable amount of sodium acetate is added. In the usual 
system of qualitative analysis, this pink sulfide is precipitated by 
ammonium sulfide. It oxidizes so readily in the air to the soluble 
manganous sulfate, MnS0 4 , that analysts are accustomed to wash 


it with hvdrogcn sulfide water. 

Manganese Dioxide, MnO*. Manganese tetrahydroxidc, 
Mn(OH).,, a very weak acid, readily breaks down into water and 
manganese dioxide. This oxide is by far the most important 
compound of manganese. The mineral lorm is used in dry bat- 
teries as a depolarizer. Glass was once decolorized by addition ol 
manganese dioxide. Ferromanganese is made from the dioxide, 
which is also used to make driers for paints. 


TRANSFORMATION BETWEEN 


MANGANESE 


COMPOUNDS 


Manganous oxide, MnO, results upon reduction ol the other 
oxides by hydrogen. On the other hand Mn 2 Oj is obtained by 
heating other oxides of manganese in oxygen. Pure MnO- is best 
prepared by heating Mn(N0 3 ) 2 . The anhydride of permanganic 
acid, HMnO, is Mn 2 0 7 , an explosive oil resulting by contact ol 
concentrated sulfuric acid with the IIMnO, (released from 


KMnO.,). 

Nearly all the stable oxides tend to give olT oxygen and lorm 
manganous salts when treated with an acid. If the acid is oxi- 
dizable, as hydrochloric, chlorine is released. 1 bus such salts as 
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manganous chloride, MnCl 2 , and manganous sulfate, MnS0 4 , 
are formed: 

Mn0 2 + 4 HC1 — ► 2 H 2 0 + MnCl 2 4- Cl 2 
MnO + 2 HC1 — » H 2 0 -f- MnCl 2 

If manganous salts or any oxide are oxidized in the presence 
of a base, manganese assumes the valence of 6 (as in MnO a ) and 
green mariganates are produced. This is illustrated as follows: 

MnCl 2 -f 0 2 + 4 NaOH — > 2 NaCl -f Na 2 Mn0 4 + 2 H z O 

This is equivalent to stating that any oxides of manganese 
heated in the air with a strong base tend to take up oxygen and 
yield derivatives of the two highest oxides. 

In weakly acid solution (carbonic or acetic) the green manga- 
nate ion changes to the purple permanganate ion while Mn0 2 is 
precipitated. In fact this is one way to make the permanganates: 

4 H f -b 3 MnO.,” — > 2 MnOr + Mn0 2 + 2 H 2 0 

Potassium Permanganate. In the manufacture of potassium 

Permanganate , black manganese dioxide is fused with potassium 
hydroxide in the air: 

Mn0 2 4- 2 KOH + (O) — > K 2 Mn0 4 + H z O 

The fused mass is dissolved in water, forming a green manganate 

solution, which is then oxidized by chlorine, changing rapidly to 
a purple color: 7 

2 KoMnO, + Cl 2 — > 2 KMn0 4 4 2 KC1 

Anodic oxidation of an alkaline solution of the manganate is 
also a process used commercially. 

Permanganates as Oxidizing Agents. Potassium permanga- 
nate is very commonly used as a strong oxidizing agent. The 
reduction of the permanganate amounts in effect to dropping 

° X ' dC ’ Mn 2°7» to one of the lower oxides, MnO,, or 
MnO. The extent of the reduction, and the answer to the ques- 
tion which oxide will be formed, is determined by whether the 
reduction takes place in basic or acid solution. In basic or neutral 
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solution manganese dioxide is formed: and in acid solution , the lowest 
oxide , MnO, which acts most strongly basic. Of course manganous 
oxide, MnO, would react at once with any acid present to form 
manganous salts. 

The oxidation of hydrogen chloride by potassium permanga- 
nate is represented on page 173. It is to be noted, finally, that in 
acid solution the valence drop is Mn 7+ — > Mn 2+ while in basic- 
solution the change is Mn 7+ — > Mn 4+ . 

In acid solution: 


MnOr + 8 H + + 5 e -> Mn+ + + 4 H .O 


The five electrons are secured from the substance being oxidized : 


7 + 4 + 

2 KMn0 1 + 5 H 2 SO a 


64 - 2 + 6 + 6 + 

K0SO4 + 2 MnS0 4 + 3 H..O + 2 H>S0 4 


1 


10 « 


Solutions of permanganate arc so often titrated against reduced iron salt 
solutions that it is convenient to give the concentration as, for example, "1 ml. 
KM11O4 solution oxidizes 0.00158 g. of iron from the ferrous to the ferric 
condition in acid solution.” 


A normal solution of KM11O, when used as an oxidizing agent 
is only 0.2 M, if the reduction product is Mn' T 

MnOf + 8 H+ + 5 > Mn ++ + 4 H 2 0 

The above equation shows that one mole of permanganate ion 
accepts five equivalents of negative electricity, therefore a molai 
solution would have five times normal oxidizing power. In 
neutral solution with Mn" as the reduction product the oxidizing 
power demanded would be different, one mole of permanganate 
ion accepting only three equivalents ol negative electricity. 

The same considerations are involved in determining the 
quantitative concentrations of normal solutions of any oxidizing 
or reducing agent. 

Tests. It is easy to recognize manganese compounds by melt- 
ing them with potassium hydroxide or sodium carbonate and a 
little potassium nitrate or chlorate. The green color of the man- 
ganate formed is characteristic: 

MnO, 4- 2 KOH -f (O) — » K .MnO, -f H .O 
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A few drops of a solution of a manganese salt may be boiled with 
nitric acid in a small beaker and some lead peroxide added. On 
settling, pink permanganic acid may be seen. Chlorides interfere. 
Both tests are remarkably delicate: 

3 Pb0 2 + 2 MnO z + 6 HN0 3 ->3 Pb(N0 3 ) 2 +2 H a O+2 HMn0 4 

When hydrogen peroxide is mixed with solutions of potassium 
permanganate oxygen gas is freely released while a brown pre- 
cipitate of manganese dioxide forms: 

2 KMn0 4 + 3 H 2 0 2 -> 2 KOH + 2 Mn0 2 + 2 H 2 0 + 3 0 2 

In the presence of dilute sulfuric acid no oxide of manganese is 
precipitated. Soluble manganese sulfate forms: 

2 KMn0 4 4- 5 H 2 0 2 + 3 H 2 S0 4 

-> 5 0 2 + K 2 S0 4 + 2 MnS0 4 + 8 H 2 0 

Vanadium, Molybdenum, Tungsten, 

Uranium, and Platinum 

VANADIUM COMPOUNDS 

(The metal is discussed on pages 510 and 548.) 

This element forms several series of compounds in which the 
vanadium shows different valence numbers. Vanadium pentox- 
ide, V _>0 a , is a valuable catalyst (page 280) when properly 
promoted. Strictly speaking vanadium belongs in Group V. 

Fusion ol V0O5 with alkalies yields such orthovanadates as 
Na 3 V0 4 and K 3 V0 4 . V 2 0 3 is basic and V 2 0& acidic. 

Reminiscent of the phosphates are sodium metavanadate, 
NaVOs, orthovanadate, Na 3 V0 4 , and pyrovanadate, Na 4 V 2 0 7 . 

d he Na, K., NH 4 , Ba, and Pb salts of the meta acid are only 
slightly soluble. 

Ammonium metavanadate is precipitated by an excess of am- 
monium chloride added to a solution of potassium metavanadate. 
Upon roasting, 

2 NH 4 V0 3 -» V 2 0 5 -F 2 NH 3 + H 2 Q 
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Vanadium also shows valence numbers of two and three in 
compounds and forms a cation, VO + + , called vanadyl similar to 
uranyl ion, UO> ++ . It forms salts with most acid anions. 

The metavanadates of iron and other metals are used as 
catalysts in the manufacture of sulfuric acid. 

MOLYBDENUM COMPOUNDS 

(The metal is discussed on pages 548 and 567.) 

On roasting molybdenite, MoS>, the trioxide, M 0 O 3 , is 
formed. This is a yellow-white powder which dissolves readily in 
sodium hydroxide with the formation of sodium molybdate, 
Na 2 Mo0 4 . If ammonium molybdate solution is poured into 
dilute nitric acid, molybdic acid is formed. This reagent is used to 
precipitate orthophosphates as the yellow precipitate (NH 4 ) 3 P0 4 
•12 M 0 O 3 AH 2 O. This is the usual procedure in all analytical 
determinations of phosphorus. 1 he composition ol this yellow 
precipitate is so variable that more accurate results arc obtained 
by dissolving it in ammonium hydroxide and rcprecipitating as 
MgNH 1 PO 4 , which is then dried and ignited to be weighed as 

MgoPaOi. 

Ignition of ammonium molybdate yields the trioxide. 


TUNGSTEN COMPOUNDS 


(The metal is discussed on pages 511 and 548.) 

There are four chlorides, WC1 2 , WC1 4 , WCU, and WGle. Fite 
hexachloridc is formed by passing chlorine over tungsten at 300°. 
The others are secured by reduction of the hexachloridc. The 


most important oxides are W0 2 and VVO 3 . Sodium tungstate, 
Na 2 YV0 4 is the best-known salt. It is used to dye and to fireproof 
fabrics and in making X-ray screens. Many complex tungstates 
are known. Tungsten carbides were discussed on page 133. 

Phosphotungstic acid, useful in the analytic precipitation of 
proteins and alkaloids, is H 3 P0 4 - 12 W0 3 . 


URANIUM COMPOUNDS 

(The rneial is discussed on pages 320 and 549.) 

In pitchblende, one of the principal uranium ores, the element 
occurs as U 3 O v Hydrates of amphoteric UOa are soluble in acids 
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forming compounds of U0 2 ++ , the uranyl ion. Most of its salts 
are soluble. Among them are uranyl nitrate, U0 2 (N0 3 ) 2 -6 H 2 0, 
and uranyl acetate, U0 2 (C 2 H 3 0 2 ) 2 -2 H 2 0. As an acid-forming 
element it forms such salts as Na 2 U0 4 and Na 2 U 2 0 7 , the 
uranates, etc. 

Various uranium compounds are used to color glasses and 
glazes yellow, orange, green, red, and black. 

Uranium tetrafluoride, UF 4 , and hexafluoride, UF 6 , were im- 
portant in the early efforts to isolate U 235 for atomic bomb 
purposes. 

uo 3 + 3 CQ2F2 UFe + 3 cocu 

Freon Volatile Phosgene 

The gas, UF«, is five times as heavy as air and has extraordinary 
electrical insulation capacity. 


Exercises 


2. 

3. 



5. 

6 . 
7. 


U hat arc the differences between chromic salts and chromates? 

What is the usual test for a chromium compound? 

How can we change a manganatc to a permanganate? 

How many liters of H-S are necessary to decolorize a solution containing 
21 g. of potassium permanganate and sufficient sulfuric acid? 

What weight of SO 2 will be oxidized by 72 g. of KMnO, in alkaline solu- 
tion? In acid solution? 

Balance 


K 2 Cr-.0 7 + HCI -f HoS -* 
KM 11 O 4 + H.SO, (dil.) -f- HoS -> 



How much iodine will be liberated when 25 
excess potassium iodide and II .-SO*? 


g. of K 2 Cr*0 7 are treated with 
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COMPOUNDS OF IRON, 
COBALT AND NICKEL. 
THE PLATINUM GROUP 


SOME COMPOUNDS OF IRON 


(The metal is discussed on pages 502 and 549) 


FORMULA 

FcCli ■ 4 HoO 
FeSO«-7 H 2 0 
FcCls -6 H 2 0 

Fe(OH ) 3 

FcjOa 

FcjO« 

Fc*(S0 4 )j 

(NH,).S0 4 FcS0,-6 H z O 

K«Fc(CN)« 

K»Fc(CN)« 

Fe(CO)« 


NAME 

SOLUBILITY 

REMARKS 

Ferrous chloride 

Soluble 

Green 

Ferrous sulfate 

Soluble 

Cheapest iron salt 

Ferric chloride 

Soluble 

Yellow. Readily hy- 
drolyzed 

Ferric hydroxide 

Insoluble 

Red-brown 

Ferric oxide 

Insoluble 

Red -brown 

Magnetic oxide 

Insoluble 

Black 

Ferric sulfate 

Soluble- 

White. Used in sew- 
age purification 

Ferrous ammo- 

Soluble 

Is not an alum. 

nium sulfate 


Stable in solid form 

Potassium ferro- 

Soluble 

Reagent for Fc +4 + 

cyanide 


ions 

Potassium ferri- 

Soluble 

Reagent for l*c + 

cyanidc 


ions 

Iron carbonyl 

Soluble 
in gas- 
oline 

Antiknock qualities 


FERROUS COMPOUNDS 

Ferrous oxide, FeO, ignites spontaneously in air. It is prepared 
by igniting ferrous oxalate in an inert atmosphere. 

Ferrous Chloride, FeCl„ is prepared by dissolving iron in hy- 
drochloric acid. From this solution it crystallizes as FeCh-4 H-.Q, 
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blue in absence of air, but green in presence of air. Ferrous chlo- 
ride is easily oxidized : 


2 FcClo 4- Cl-> -> 2 FcC1 3 

Ferrous Sulfate, FeS0 4 . Scale (oxide) on iron is removed by 
immersion in dilute sulfuric acid; ferrous sulfate is formed as a 
by-product. The crystallized salt, FeS0 4 -7H 2 0, is used in 
water purification because, when added to water with lime, the 
hydroxide formed drags down dirt and bacteria in settling. Solu- 
tions of ferrous sulfate often contain a yellowish precipitate which 
is basic ferric sulfate, Fe(OH)SO,: 


4 FeSO.i + 2 H .O + O-, -> 4 Fe(0H)S0 4 

A strip of iron and a little free acid prevent this oxidation. 

A small amount of ferrous sulfate is used in making iron tan- 
nate inks. 1 liese contain a dye for immediate color and tannin, 
which with ferrous sulfate forms ferrous tannate, easily oxidized 
to black ferric tannate. However, a trace of sulfuric acid prevents 
this oxidation in the bottle. When applied to the paper, this free 
acid is neutralized by basic material present and the oxygen of 
the air converts soluble ferrous tannate into black and insoluble 
lei rie tannate. Ink stains are best removed by treatment with 
permanganate solution to remove the dye, followed by oxalic 
acid (10 per cent) to discharge the permanganate and dissolve 
the iron tannate. Last, washing with dilute ammonium hydroxide 
removes the acid. 


Exercises 




"rite the oxidation equations for the action of 
sullatc in the presence of sulfuric arid. 


dilute nitric acid on ferrous 


"rite the equations representing 
potassium permanganate in a dilute 


the oxidation of ferrous chloride by 
hydrochloric acid solution. 


FEK RIC 


COMPOUNDS 


Red ferric oxide Fe 2 0 3 , 
or by heating Fe(OH) 3 . 
shaped in the mill. 


is made by roasting iron pyrites, FcS 2 , 
Black 1-c O, forms on hot steel as it is 
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FERRIC SULFATE, Fe.(SO,), 

Ferric Hydroxide. This gelatinous precipitate is thrown down 
when any soluble base is added to a solution of a ferric salt. It dis- 
solves in acids but not in alkalies (unlike the hydroxides of chro- 
mium and aluminum). 

Ferric Chloride, FeCl 3 6 H 2 0. The preparation of ferric 
chloride consists in passing chlorine into a solution of ferrous chlo- 
ride. The yellow, deliquescent, and very soluble solid secured by 
partial evaporation of the solution is hydrolyzed to such an extent 
that on heating it to dryness nothing but the oxide, Fe 2 0 3 , re- 
mains. The anhydrous form must be prepared by passing chlorine 

over hot iron. 

Unlike most salts, anhydrous ferric chloride is soluble in some 
organic solvents, apparently because of a low degree of polarity. 

Ferric Sulfate, Fe 2 (S0 4 ) 3 . Ferric sulfate, formed by oxidation 
of ferrous sulfate, is now used chiefly in purification of water and 
in the coagulation of sewage. 


THE COMPLEX CYANIDES OF IRON 

Addition of potassium cyanide to a solution ol a ferrous salt 
produces a precipitate of ferrous cyanide, readily soluble in an 

excess of the reagent: 


FeSO i + 2 KCN — > Fc(CN) 2 + K 2 S0 4 
Fc(CN) 2 + 4 KCN — > K 4 Fe(CN) 6 

The complex salt, potassium ferroevanide, K ,Fc(GN) 6 , ionizes as 
follows: 

K,Fc(CN)g 5=* 4 K + Fe(CN) 6 

The ferrocyanide ion is very stable, yielding no simple iron ions. 
With ferric salts there is formed a precipitate called Prussian blue 

which is really ferric ferrocyanide: 

4 FcCla + 3 K 4 Fe(CN)r, — > Fe 4 [Fc(CN) 6 ] 3 + 12 KC1 

When chlorine is passed into a solution of the yellow potassium 
ferrocyanide the reddish potassium ferricyanide is formed: 

Cl 2 + 2 K,Fc(CN> 6 -> 2 KC1 + 2 K 3 Fc(CN) 6 
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This salt reacts with ferrous salts to form insoluble Turnbull’s 
blue, which is ferrous ferricyanide : 

3 FeS0 4 + 2 K 3 Fe(CN) 6 -* Fe 3 [Fe(CN ) 6 ]2 + 3 K 2 S0 4 

Iron is conveniently determined quantitatively by titrating a 
purple potassium permanganate solution of known concentration 
(standard solution) against a known volume of the ferrous salt 
solution. As a preliminary the iron salt must be reduced com- 
pletely by hydrogen or any other agent which can be removed 
completely after the reduction is achieved: 

10 FeS0 4 + 8 H 2 S0 4 + 2 KMn0 4 — > 

5 Fe 2 (S0 4 ) 3 + K 2 S0 4 + 2 MnS0 4 + 8 H 2 0 

The purple solution is cautiously added from a burette until a 
final drop gives the solution a persistent color. Then from the 
volumes used and the relative weights revealed by the equation 
above it is possible to calculate the amount of iron reacting. In 
this reaction iron changes from Fe 4- *" to Fe ++ + by the loss of one 
electron while manganese changes from Mn 7+ to Mn ++ by the 
gain of five electrons. 

Tests. Ferrous salts arc recognized by reaction with potassium 
ferricyanide to form Turnbull’s blue. Ferric salts react with any 
alkali thiocyanate to form soluble, red ferric thiocyanate. They 
also react with potassium fcrrocyanidc to form insoluble Prussian 
blue. Ferric hydroxide is red, insoluble, and differs from the 
hydroxides ol chromium and aluminum in not dissolving in 
sodium hydroxide. 

COBALT COMPOUNDS 

(The metal is discussed on pages 515 and 550.) 

A full set of cobaltous salts (derived from CoO) is known but of 
the cobaltic salts only complex cobaltic salts (derived from Co 2 0 3 ) 
are stable. 1 he writing done with a pale pink cobalt salt solution 
(GoCl 2 , usually) is invisible, but on drying cautiously over a 
flame the blue color of the anhydrous salt becomes conspicuous. 
Cobalt salts are used as driers in paints, varnishes, and linoleum. 
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NICKEL COMPOUNDS 

The dioxide, Co0 2 (like NiO>), is formed by vigorous oxida- 
tion of Co ++ . It forms cobaltitcs. Potassium cobaliinilrile, K 3 Co 
(N0 3 )q, only slightly soluble, is formed from Co ++ , K^, NOr 
ions in presence of acetic acid. 


NICKEL COMPOUNDS 

(The metal is discussed on pages 515 and 550.) 

Nickel Compounds. There are two scries of nickel salts de- 
rived from nickclous oxide, NiO, and nickelic oxide, Ni»0:». All 
ordinary nickel salts are green when hydrated. Nickel sulfide, 
NiS, is precipitated as a black powder when ammonium sulfide is 
added to a solution of a nickel salt. Many nickclous salts are 
known but nickelic salts arc unstable. The green NiCl >-6 H-.O, 
and NiSOj-7 H 2 0 are common salts of this metal. 

Nickel and nickel oxide catalysts have extensive use as aids in 
the preparation of some organic chemicals. The hydrogenation of 
fats was the first catalytic hydrogenation to attract much atten- 
tion. 

TESTS FOR NICKEL AND COBALT 


Nickel salts react with dimethylglyoxime to give a scarlet pre- 
cipitate: 

2(HON)*C*(CHj)* + Ni(OH) 2 —* 

2 HaO + NiH 2 [CoN_>0 2 (CTU)-.>]2 

Cobalt compounds give a blue bead with borax or microcosmic 
salt, but with the same substances nickel compounds yield a 
brown bead in the oxidizing flame. Cobalt salts react with 
nitroso-/3-naphthol to yield a brick-red precipitate, and in the 
presence of ammonia react with phenylthiohydantoic acid to 

yield a red -brown precipitate. 

3. What is the formula of an iron oxide which contains 27.6 per cent oxy- 
gen and has a molecular weight of 232? 

4. How could you convert 1 5 selected metals into one useful compound each ? 

5. Give one commercial use of a dichromate; of manganese dioxide. 

6. A reagent bottle half filled with ferrous sulfate solution, FeSCL, gradually 
shows a brown precipitate. What is it? Upon adding some dilute sulfuric 
acid and an iron nail the precipitate slowly disappears. Explain. 
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PLATINUM COMPOUNDS 

(The metal is discussed on pages 550 and 551.) 

Platinum forms two series of compounds in which it has 
valence numbers of 2 and 4. Platinum chloride, PtCl 2 , is formed 
when chlorine is passed over the finely divided metal at 240°— 
250°. With hydrochloric acid it forms chloroplatinous acid, 
H 2 PtCl 4 . The potassium salt, K 2 PtCl.i, is used in photography. 
Black platinous hydroxide, Pt(OH) 2 , is formed by addition of a 
base to a solution of platinous chloride. On gentle heating the 
hydroxide yields the oxide and at higher temperatures the metal 
itself. Barium platinocvanide, BaPt(CN) 4 -4 H 2 0, fluoresces 
when bombarded by X-rays and hence is used for X-ray screens. 

Platinum dissolves in aqua regia with formation of the soluble 
chloroplatinic acid, HoPtCU. This is the reagent used in the quan- 
titative determination of potassium, because the potassium salt, 
K 2 PtCl6, is insoluble. That the acid ionizes as follows: 

HoPtCle <=± 2 H+ + PtCl 6 ” 

is proved by addition of silver nitrate. No silver chloride is pre- 
cipitated, only silver chloroplatinate, Ag 2 PtCl 6 . 

Platinic chloride, PtCl 4 , is formed by heating chloroplatinic 
acid in a current of chlorine at 360° but is itself decomposed 
above 500°. Similar compounds of palladium are known. 

Rhodium compounds are derived from RhO, Rho0 3 , and 
Rh0 2 . 

Iridium has two series of salts, with valence numbers 3 and 4; 
for example the green K 3 IrCL-3 H 2 0 and the red K 2 IrCl 6 . 

Osmium compounds are of little interest except the poisonous 
OsO.i, wrongly called “osmic acid.” 

Exercises 

7. How docs an iron ink operate? 

8. Evaporate a solution of ferric chloride to dryness. What have you? Why? 

References 

Holmes, H. N., Out oj the Test Tube, 4th cd. New York, Emerson Books, Inc., 
1944. Page 256: “Minerals and World Power.” 

Kettering, C. F. “Chemistry of the Motor Car”. Chem. Eup. JVews , 27, 841 
(1943). 



Chapter 45 preparation of the 

METALS. PART I 


Extraction from Ores. When a metal occurs in the free state 
(gold, copper in the Lake Michigan area, and a few other inactive 
metals) it can readily be separated from the rock or other mate- 
rials associated with it. However, most metals must be won from 
such ores or salts as oxides, sulfides, carbonates, sulfates, chlo- 
rides, and fluorides. Scrap metal is usually recovered by melting. 
The secondary or scrap metals (Cu, Al, Zn, Pb, Sn, Ni, Sb) re- 
covered annually in this country arc worth 5250,000,000. 

The eight processes (broadly treated) used in metallurgy are: 

1. Reduction of oxides with carbon 

2. Reduction with aluminum (thermit process) 

3. Reduction with hydrogen 

4. Roasting sulfides 

5. Roasting sulfides with carbon 

6. Electrolysis of fused salts 

7. Amalgamation with mercury 

8. Cyanide extraction 

Copper is prepared by first roasting the sulfide ore but the crude 
product finally must be purified for electrical uses by electrolysis 
of a water solution of a copper salt. 

HEATS OF FORMATION OF METALLIC OXIDES 


In Calorics per Formula Weight in Grams 


(The 

negative sign 

means that heat is 

absorbed) 

AuvOa 

- 1 1 ,000 

ZnO 

+ 85,000 

Ag 2 0 

+ 6,953 

MgO 

+ 146,100 

CuO 

+ 38,500 

Fc 2 0, 

+ 198,500 

PbO 

+ 52,470 

SiO, 

+ 201,400 

NiO 

+ 58,400 

A 1,0 3 

+ 399,000 
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The compounds with the highest heats of formation are the 
most stable, and require the greatest amount of energy for re- 
covery of the metal. 

Reduction with Carbon: Fe, Zn, Cd, Sn, Cr, Mn, V 

IRON 

Iron was used to a very limited extent in Egypt as early as 
4000 b.c. but the Hindoos about 2000 b.c. developed the industry 
of smelting iron from its ores. This early iron, because of low 
temperatures, was spongy but not fluid, and had to be ham- 
mered into shape. 

Occurrence. Free iron in nature is rare. A little occurs in 
meteorites. Hematite, Fe 2 0 3 , furnishes the world with, by far, the 
greater part of its iron. Limonite, 2 Fe 2 O a -3 H 2 0, is a yellowish 
ore, while magnetite, Fe 3 0 4 , is a black oxide, supplying only 
5 per cent of the world’s iron. In addition to the workable ore 
beds there are iron oxides in clays which add to the beauty of 
coloring that is so conspicuous in Yellowstone Park and else- 
where. Bricks owe their colors to such oxides. 

Since the richest iron ore beds around Lake Superior will be 
exhausted in a generation it will be necessary to develop the 
metallurgy of the adjoining low-grade ores. “Taconite,” a com- 
plex ore containing magnetite, hematite and the carbonate has 
not yet been used, yet there is enough in Minnesota to supply us 
for centuries — if the metallurgical problems are solved. 

The United States has the richest iron ore deposits now being mined, but 
Morocco has extensive unworked beds and Brazil is said to have the largest 
and richest deposit of all — now being developed with United States aid. 
Germany and Russia also have large ore beds. An enormous deposit has been 
discovered in Labrador. 

Metallurgy. Carbonates of iron are converted into oxides on 
heating, and oxides are reduced by heating in contact with coke 
and limestone. Great Britain utilizes carbonate ores and some 
day we shall mine the rich magnetite ores (Fe 3 0 4 ) of Alaska. 

In ancient days the charcoal for reduction of the iron oxide ore 
was fed a feeble blast of air from a foot bellows. In the 14th cen- 
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tury a water wheel increased the blast but it was not until 1860 
that the steam engine operated blowers and large-scale produc- 
tion of crude iron became a reality. Coke began to supplant 
charcoal about 1720. 

There is no technical reason why we should not reduce iron 
ores with natural gas. 



Fig. 135. Ancient iron furnace. 


The Blast Furnace. Iron was made many centuries ago, but 
its manufacture on a vast scale did not become possible until 1619 
when coal or coke was first used as the reducing agent. 

Modern blast furnaces arc of giant proportions (Fig. 136). 
Most of them arc 90 ft. high and some arc higher. The greatest 
diameter is usually about 20—25 ft. I hey arc built ol heavy steel 
plates lined with fire brick. The lower part where the heat is 
more intense is usually bound with water-cooled bronze blocks 
set in the brick wall. At the top of the “stack,” as the furnace is 
called, are double bell-shaped doors which admit the ore, coke, 
and limestone without undue loss of gases. Below this point the 
stack steadily widens to allow for expansion of the charge. But at 
a certain point fusion of part of the material causes such a great 
decrease in volume that the stack tapers in accordingly. Other- 


wise the heavy charge would fall and burst the furnace. The nar- 
rowing part is called the “bosh.” Just below this is the “crucible” 
in which molten iron and slag accumulate. The tap hole for iron 
is at the bottom, but the “cinder notch” for the slag is a little 
higher. Just above the crucible are several openings called 
“tuyeres,” through which a great blast of heated air is blown to 
burn the coke. From 40,000 to 50,000 cubic feet of air per minute 
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at 15 to 20 lbs. pressure are required. The pasty particles of free 
iron do not melt until they have dissolved enough impurities, 
such as sulfur, silicon, and carbon, to lower the melting point 
sufficiently. The melted iron runs in the crucible, while the lighter 
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Fig. 136. 1 he blast furnace. (Courtesy General Motors Company.) 

fluid slag floats on top. At the top of the bosh the temperature is 
1350°, and at the top of the crucible about 1700°. The equations 
representing the essential reactions in the blast furnace follow: 


1 . Coke 4- hot-air blast 

2. Hot C. 4- C0 2 

3. Fc 2 0 3 4- 3 CO 

4. CaC0 3 

5. CaO 4- Si0 2 4~ Al a O, 


COo 
2 CO 

2 Fe 4- 3 C0 2 
CaO 4- CO a 

Calcium silicate and calcium alu- 
minate, in the slag 
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CAST (PIG) IRON 

Possibly FeO and Fe 3 Oi also enter into this series of reactions. 
The iron is tapped off every 6 hours, but the slag is removed more 
frequently. The iron is run into molds from which the solid “pigs’’ 
are removed or it may be carried in great ladles to the steel mill 
without solidifying. Slag is carried away in ladles to the dump or 
is granulated by pouring into water. In this form it is easy to 
handle as railroad ballast or as a raw material for Portland ce- 
ment. Since it is a complex calcium aluminum silicate, slag needs 
only to be burned with more lime and ground to produce a very 

fair grade of hydraulic cement. 

The slag, formed from oxides of Fe, Si, Al, Ca, Mg, etc. must 
be fluid but not too fluid or it drops so fast that it fails to remove 
all the sulfur. Manganese sulfide, insoluble in pig iron, dissolves 
in the slag. 

Coke always carries from 0.5 to 2.0 per cent of sulfur which 
unfortunately is picked up by the hot iron. But as drops of melted 
iron fall through melted slag the sulfur happily is largely re- 
moved from the iron. The essential reaction follows: 


FcS -f- CaO + C CaS + Fe + CO 

The gases from the top of the stack arc burned or fed to gas 
engines for power. In composition they approximate prod uc ei 
gas and have a fuel value ol 100 B. I . U. per cubic foot. I heic is 
a gain in using this gas at once because it leaves tin* stack at about 
400°. About one-third the stack gas is burned directly in a series 
of “stoves,” steel lowers filled with an open checkerwork of fire- 
brick, which becomes highly heated. I he air blast is then pie- 
heated by passage through these hot stoves. It is necessary to pre- 
heat the air blast in order to secure the proper temperature in the 
blast furnace. 


CHAROK 

1 ton ore 
1000 lbs. coke 
500 lbs. limestone 
3 tons air 


PRODUCTS 

1 1 20 lbs. pig iron 
800 lbs. slag 

3 tons gases (N 2> CO-.-, CO, H-O) 


Cast (Pig) Iron. The product of the blast furnace is termed 
pig iron. It is only about 92-94 percent iron, the usual impurities 
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being about 3 per cent carbon along with some silicon, manga- 
nese, sulfur, and phosphorus. Much of this iron is cast into pigs, 
for convenience in handling, and then shipped to the various 
markets. It is remelted at the foundries (by coke in a cupola) and 
cast into such shapes as are needed for radiators, stoves, wheels, 
and a thousand useful articles. Pig iron is cast iron, but there are 
two types, depending on the rate of cooling. If poured into a 
metallic mold so that the liquid is chilled suddenly, the carbon 
does not have time to separate as graphite, but remains uniformly 
distributed as cementite, Fe 3 C. The product is white, very hard, 
and very brittle. If cooled more slowly in sand molds, gray cast 
iron results. In this, part of the carbon has had time to separate 
as graphite. This gray cast iron is not nearly so hard as the white 
variety and can be given some ductility if annealed a few days. 
Cast iron alloyed with a little Ni, Cr, or Cu, resists corrosion and 
high temperatures better. 

Such metal melts at about 1150°, while pure iron melts at 
about 1 535°. Cast iron is hard, but low in tensile strength. It 
cannot be welded or forged, but it expands enough on cooling to 
fill a mold completely. 

Malleable iron is made by holding cast iron at a bright red 
heat for two or three days. It is stronger and more shock- 
resistant. 

Soft cast iron owes its character to the 3 to 3.5 per cent of carbon, present 
largely as graphite. The manufacturer controls the condition of the carbon 
mainly by the addition of silicon and by the rate of cooling. At least eighteen 
elements have been used in alloy cast irons. 


Wrought Iron. To make a tough iron suitable for anchors, 
horseshoes, etc., it has long been the practice to purify melted 
pig iron on a bed of iron oxide in the puddling furnace. This is 
merely a small reverberatory furnace so built that heat is reflected 
and radiated down on the charge from the low roof of the furnace 
(Fig. 137). The pig iron melts, but as the impurities are burned 
out by the oxygen of the scale or ore, its melting point rises and 
the metal becomes plastic rather than fluid. Limestone may be 
added as a flux. The metal is worked by the “puddler,” using a 
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long “rabble,” and is finally removed in balls weighing about 
100 pounds. Under the hammer or in the rolls the fluid slag is 
squeezed out, leaving nearly pure 
iron as fibers separated by thin 
films of slag. The slag is not dis- 
solved in the iron. The product 
is extremely tough and strong, 
but not as hard as cast iron. 

In recent years wrought iron 
has been largely replaced by 
low-carbon steel (0.2 per cent 
carbon or less), which is just 
rapidly. 

In 1929 commercial efforts were made to produce wrought iron on a large- 
scale by pouring melted pig iron, after Bessemerizing. into melted slag (Aston 
process). The gases liberated caused the dispersion of the metal into fine drops. 
The iron-slag mixture was rolled in the usual way to reduce the slag content 
and give the mass tough fibrous structure. The quality of the product compares 
very favorably with that of hand-wrought iron. 

(Steel will be discussed in the chapter on Alloys.) 

Sponge Iron. The U. S. Bureau of Mines lias worked out the 
details of operation of furnaces using natural gas or gases from 
coal to reduce iron ores. The product is soft sponge iron, not 
molten metal. One advantage is that small furnaces may profit- 
ably be located near small ore deposits and can operate on 
lower-grade ores. Also the high-purity soft iron (nearly free from 
carbon) is already in demand for magnet cores and armatures. 
It is interesting to note that the primitive iron furnaces ol earlier 
centuries also produced soft sponge iron which was hammered 
into tools and weapons. 

ZINC 

Occurrence. The world usually produces 1,200,000 tons of 
smelter zinc in a year and of this the United States accounts for 
600,000 tons. Sphalerite or zinc blende, ZnS, and smithsonile, 
ZnGOa, are the chief ores in the western United Stales. 



Fig. 137. Fuddling furnace. 

as tough and is made more 
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Metallurgy. Many zinc ores need to be concentrated before 
smelting can be profitable, so the oil-flotation process is used as 
with copper sulfide ores. Oxides or carbonates need only to be 
heated with coal to be reduced to the metal. Sulfides must be 
heated with excess air to secure the oxide of zinc, which is then 
further heated with carbon to secure its reduction. In some 
smelters a sulfuric acid plant is attached to utilize the sulfur 
dioxide : 

2 ZnS 4- 3 0 2 -> 2 ZnO 4- 2 S0 2 
ZnO 4- C — » Zn + CO 

The zinc oxide and coal are heated in fire-clay retorts. The zinc 
is volatilized and then condensed in receiving vessels. Carbon 
monoxide burns at the mouth of each receiver. Since zinc boils 
at 925° and the temperature at which the reduction occurs is 
1200°, it is evident that the vapor of the metal must be formed. 
When the vapors are led into cold receivers at any temperature 
below 415° (melting point of zinc), only zinc dust is obtained, but 
after the hot vapors heat the receivers above 415° only the liquid 
form is condensed. This is cast into slabs called spelter. It may be 
purified by electrolysis. (See Copper.) 

CADMIUM 

Occurrence and Preparation. Cadmium occurs in small 
quantities in zinc ores. Being more volatile than zinc it is found 
in the first distillate, from which it can be separated by fractional 
redistillation (in an atmosphere of hydrogen to prevent oxidation) 
and by electrolytic purification. Western zinc spelter carries 
about 0.4 pei cent cadmium. This cadmium does some harm, but 
the cost of its removal is discouraging. 

TIN 

Occurrence. Tin ores arc so easily smelted that the metal was 
known to the ancients. At present most of it comes from the East 
Indies, the Malay States, Siam, and Bolivia, although China and 
Nigeria are laigc producers. 4 he chief ore is the crude dioxide, 
SnO.-, called cassiterite or tin stone. 
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Metallurgy. All tin ores are concentrated by washing away 
the “gangue,” and they are then roasted in long rotary kilns like 
Portland cement kilns. By this process the sulfur is oxidized to the 
dioxide. Arsenic is oxidized to the trioxide, which is collected in 
a cooling chamber — later to be sold as a valuable by-product. 
After this preliminary roasting the tin oxide is heated with carbon 
in a furnace, where it is reduced to the metal. In order to separate 
the tin from the bismuth, zinc, copper, and iron, which are usu- 
ally present with it, advantage is taken of the surprisingly low 
melting point of the pure metal, 231.85°. The foreign metals arc- 
present as higher-melting tin alloys. The mass is heated hot 
enough to melt pure tin, but not hot enough to melt the alloys. 

In a normal year the world produces 150,000 tons ot tin, and 
the United States uses more than half of this amount 90,000 
tons including recovered scrap. 


CHROMIUM 

Occurrence. The only important chromium ore for commer- 
cial purposes is chromite, Fe(Cr0 2 ) 2 , sometimes written, 
FeO • Cr 2 0 3 . It is mined in Rhodesia, India, Cuba, lurkey, 
Portuguese Africa, New Caledonia (near Australia), Russia, and 
the Philippines. California produced large amounts in a war 

We imported yearly 400,000 tons of chromite, out of the world 
production of one million tons, until World War II when we were 
forced to develop a huge chromite ore deposit in Montana; this 
ore is low-grade but is workable after enrichment. It is possible 
for us to lead the world in the production of “fcrrochrome.” 

Metallurgy. Until the recent development of chromium plat- 
ing the free element was not prepared in great quantity, as its 
alloy with iron is cheaper and more suitable for steel making. 
Most of this alloy, “fcrrochrome,” is made by the reduction of 
chromite with carbon in the electric furnace. A small amount of 
the carbon-free alloy is made by the thermit process, page 510. 

It is possible to treat low-grade ore with hot chlorine to form 
volatile CrCl 3 which can be reduced by hydrogen to yield almost 

pure metal. 
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MANGANESE 

Occurrence. The chief manganese ore is pyrolusite, Mn0 2 , 
which is mined in India, Russia, West Africa, Cuba, and Brazil. 

In the past we depended upon importations of high-grade ores 
suitable for the manufacture of ferromanganese. Our own low- 
grade ores can be concentrated in a war crisis. 

Metallurgy. Manganese is rather difficult to prepare because, 
although the oxides are reduced with carbon in the electric fur- 
nace or blast furnace, some carbon unites with the metal. The 
pure element is prepared by the thermit process. Commercially 
the metal is of value mainly in the form of an alloy with iron. 
Such an alloy carrying less than 20 per cent manganese is called 
spiegeleisen, while an alloy carrying from 20 to 90 per cent is 
called ferromanganese. These alloys, about 12 pounds to the ton, 

are added to steel as scavengers and to give it hardness, strength 
and ductility. 

Low-grade manganese ores may be added to the blast-furnace 
charge in order to improve the pig iron. In 1948 we produced 
1,136,000 tons of ores carrying from 5 to 35 per cent manganese, 
and some of the ores contained both manganese and iron. 

The U. S. Bureau of Mines has recently devised a process of 
leaching low-grade manganese ores (plentiful in this country) 
and winning this vital metal by electrolysis under exactly con- 
trolled conditions of acidity and concentration. The product is 
99.94 per cent pure. 

VANADIUM 

Peru and the United States have the most important deposits 
of vanadium ore. In 1943 enormous deposits were found in 
Idaho. Rhodesia and S. W. Africa also have ore deposits. Reduc- 
tion of the ores by carbon in a vacuum furnace is common prac- 
tice. Ferro-vanadium is easier to prepare than vanadium itself 
and is the material used in the steel industry. Vanadium pro- 
duces a finer grain in steel, increasing the elastic limit. 

Reduction with Aluminum. Thermit Process 

“ Aluminothermy” is a process developed by Goldschmidt, who discovered 
that powdered aluminum when ignited reduces many metallic oxides with the 
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evolution of a great amount of heat. Temperatures of 3000° are obtained so 
that the metal is molten and may be cast in a mold: 

FejOa + 2 A1 — A1 2 0 3 + 2 Fe 

The heat of formation of A1 2 0 3 is 392,600 cal., while the heat of decomposition 
of Fe 2 0 3 is 197,000 cal., so 195,600 cal. arc freed. If a shaft on a ship at sea 
were broken, the ends could be welded together by surrounding them with a 
sand or clay mold and igniting a mixture of iron oxide and aluminum powder 
(thermit) in a funnel above. The melted iron runs into the mold, melts the 
broken ends of the shaft, and produces a perfect union. In actual practice the 
shaft ends arc preheated. 

Since the heat of formation of magnesium oxide is greater than that of 
aluminum oxide it is evident that aluminum will not reduce magnesium oxide. 
Reduction of the oxide of manganese is typical: 

3 M113O4 + 8 A1 — 4 AI2O3 + 9 Mn 
Incendiary bombs may contain thermit mixtures. 

COBALT AND NICKEL 

Cobalt occurs with nickel and arsenic. Smaltitc, CoAs>, is also 
known. South Africa and Canada are the chief producers. The 
metal is best prepared by the thermit process. Carbon-free nickel 
is prepared the same way. The leading nickel process is discussed 

on page 515. 

Reduction with Hydrogen 
TUNGSTEN 

Tungsten is now considered one of the “key metals ' of indus- 
try, occupying fifth place among the first ten essential metals ol 
modern civilization. The chief ore is ferrous manganese tungstate, 
[Fe, Mn]WO„ called wolframite. China leads in production, fol- 
lowed by the United States, Australia, Argentina, Burma, Spain, 
Portugal, and Rhodesia. 

Wolframite is fused with sodium carbonate and the sodium 
tungstate, Na 2 W()c2 H a O, formed is extracted with hot water. 
When this salt is treated with acids the free tungstic acid, 
H 2 WO 4 • H 2 0, is precipitated, and when this is ignited the oxide. 
W0 3 , is secured. This oxide may be reduced by carbon or by the 
alumino-thermic process, or by hydrogen in an electrically 
heated furnace at 1000 °, or above. 
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The metal is obtained as a powder on reduction of the oxide 
and is worked into strong filaments or rods. By the new Fink 
process low-grade ores are electrolyzed in fused borate or phos- 
phate baths. It has been found that the only way to secure strong 
compact tungsten is to work it while very hot (but not melted) 
in a reducing atmosphere of hydrogen. If desired in sheet form, 
it is hammered and rolled, but if desired for wire it is drawn finer 
and finer until it is strong enough to be pulled through diamond 
dies and reduced to the diameter needed for lamp filaments. 

Since tantalum becomes brittle by absorbing hydrogen it must 
be heated in a vacuum to drive out gases and then worked cold. 

Exercises 

1. What is the function of the slag in the blast furnace? 

2. Why aren’t all metals obtained by reduction with hot hydrogen? 

3. How could the thermit process be used in emergency welding of a broken 
rod on a locomotive? 
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Roasting Sulfides in Air: Cu, Ni, Hg, Ag, Mo 
COPPER 

The ease of extraction of copper from ores containing the free 
metal made copper one of the first metals known to man. 

The oldest piece of pipe on record is a copper tube from the 
tomb of an Egyptian king who reigned about 2900 b.c. This tube 
is 40 inches long and 3.5 inches in diameter, formed by hammer- 
ing a sheet of the metal around a mandrel. 

Occurrence. The world normally produces about 2,400,000 
metric tons 1 of copper per year and of this total the United States 
furnishes about one-third. Africa, Chile, Mexico, Japan 
Canada, Russia, and Spain supply the rest. A large deposit of 
free copper occurs in Michigan near Lake Superior, but the 
chief ores are chalcocite, Cu-.S, and copper pyrites, CuFeS*, 
found in Montana and Utah. Malachite, Cu2(OH) 2 C0 3 , and 
the similar azurite occur in Arizona. California, New Mexico, 
Tennessee, and Alaska also possess great deposits of rich copper 

ores. 

METALLURGY OF COPPER 
Sulfide ores, containing iron, clay, etc. 

1. Concentration of ore from 3 per cent (or less) to about 8 per cent 

| Crushing 
' Wet-settling 
[Froth-flotation 

* A metric ton is 1000 kg. or about 10 per cent more than our common short ton. 
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2. Roasting in air to remove 80 per cent of sulfur as S0 2 . The 20 per cent 
remaining is needed to form fusible “matte” of sulfides, for step 4. 

3. Smelting of roasted ore in reverberatory furnace (reflected heat) with 
a long flame of burning coal dust, blown in 

a. Slag (fusible) formed from silica and alumina of ore with added CaCC >3 

b. “Matte” of CuS + FcS melts and is taken to converters 

4. In converters hot air blast is blown through melted matte 

a. Sulfur escapes as S0 2 

b. FeS becomes Fe 2 C>3 

c. Fc 2 0 3 reacts with silica and alumina of added raw ore to form slag, readily 
poured ofT 

d. CuS becomes Cu (with a little Cu 2 0) 

5. Partial refining by repeating converter blowing 

Reduction of Cu 2 0 by the action of reducing gases released from green 
wooden poles used as stirrers 

6. Electrolytic refining; crude copper anodes dissolve as copper ions in bath 
of CuSO t and H 2 S0 4 solution as fast as copper atoms are deposited on 
thin sheet of pure copper as cathode 

Electrolytic Refining. Since the leading use of copper (as a 
conductor of electricity) demands a metal 99.95 per cent pure, it 
is necessary to remove all but traces of the arsenic, lead, silver, 

gold, and zinc impurities. As little as 
0.01 of 1 per cent arsenic lowers the 
conductivity of copper about 5 per 
cent while 0.01 per cent of phos- 
phorus lowers it 20 per cent. The 
slabs of cast copper from the smelters 
are made anodes in a bath of copper 
sulfate acidified with sulfuric acid. 
The cathodes are very thin sheets of 
pure copper arranged alternately 
with, and very close to, the anodes. 
The Cu ++ ions are attracted to the 
cathode, where they are discharged 
and deposited. An equal number of Cu++ ions are formed 
by the metal of the anode, passing into solution. The gold, 
silver, and platinum metals have less tendency to ionize, so 
they drop to the bottom of the huge vat as a mud mixed 
with other impurities. Any zinc or iron present in the anode 
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would ionize more readily than the copper and would deposit on 
the cathode if the Cu ++ ions were not so much more easily dis- 
charged. Very little difference of potential between anode and 
cathode is needed, less than 0.5 volt, for discharge of Cu ++ ions. 

NICKEL 

Occurrence and Preparation. Nickel occurs associated with 
arsenic or sulfur, or both, as in nicolitc, NiAs, and nickel glance, 
NiAsS. Canada produced 88 per cent of the world’s annual pro- 
duction of 200,000,000 pounds of nickel, or 176,000,000 pounds, 
in a recent year. New Caledonia, Burma, India, the Congo, and 
Cuba produced the rest. The Ontario ore is roasted and run 
through a Bessemer process. The “matte,” or melted mixture of 
sulfides of nickel, copper, and iron, is “blown” until the non is 
removed in the slag, leaving the sulfides of nickel and coppei. 
There are two or three methods of separating the nickel lrom 

By the Orford process some sodium sulhde is added to tire 
melted matte of sulfides of nickel and copper. Two layers form, 
one of CuS + Na,S and the other ol N.S. 1 he nickel sulfide is 
roasted to convert it into the oxide which is then reduced, by hot 
carbon, to the metal. 

An alloy of copper and nickel obtained from the Ontario ores 
is used as “monel metal,” a tough, ductile alloy winch resists 
corrosion. It can be cast and machines well. 

MERCURY 

Occurrence and Metallurgy. To some extent it occurs free, 
but most of the world’s mercury is obtained from the red sulfide, 
cinnabar, HgS. This is found in Italy, Spain, Austria, Mexico 
the United States, and japan. Of the world’s production of 5000 
tons the United States normally produces about one-sixth. 1 
recent war emergency forced a large increase in our own produc- 

“°The sulfide ore is roasted in air and the volatile mercury con- 
densed. Any mercuric oxide formed would be decomposed at the 

roasting temperature. 
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SILVER 

Occurrence. The principal ore of silver is argentite, Ag 2 S, 
sometimes called silver glance. Lead and copper ores contain 
some silver, which is recovered in the refining processes. Mexico, 
the United States, Canada, and South America are all leading 
silver producers. 

Metallurgy. When silver is cheap silver mines close down and 
the metal is mainly produced as a by-product of copper and lead 
refining. 

The leaching process may be applied to the sulfide ores. Silver 
sulfide is roasted to form the sulfate, which is dissolved by water. 
Scrap copper added to the solution of silver sulfate displaces the 
silver and leaves copper sulfate as a valuable by-product: 

Ag 2 S0 4 + Cu -> 2 Ag + CuSO , 

Silver compounds are soluble in alkali cyanides, so silver ores may 
be leached with a solution of sodium cyanide. From this solution 
of the complex cyanide the silver is precipitated by the addition of 
zinc shavings. 

By the Parkes process about 2 per cent of zinc is melted with 
silver-bearing lead. Since silver is far more soluble in zinc than in 
lead, and forms an alloy, Ag 2 Zn 5 , it is taken up nearly completely 
by the zinc layer floating on top. As the mixture cools the zinc 
solidifies while the lead is still fluid. The zinc crust is removed 
and heated just hot enough to distill off the zinc, leaving a silver 
residue. 

Recovery of silver from ores by the amalgamation process is 
discussed on page 523. 

MOLYBDENUM 

Molybdenum occurs chiefly as molybdenite, MoS 2 , a black lus- 
trous mineral resembling graphite, but twice as heavy. Colorado 
operates the largest molybdenum property known and, with Ari- 
zona, produced 30,000,000 pounds of the world’s 32,000,000 
pounds a year. There is some ore in Mexico. The ore contains 
only one per cent of molybdenite, which is concentrated by the 
oil lloiation process. 
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Roasting Sulfides with Carbon 
LEAD 

Occurrence. Like tin, lead was known to the ancient Egyp- 
tians because of the ease with which its ores are smelted. The 
Romans used lead pipes for water service. The sulfide, PbS, or 
galena, is the most important ore. Lead ores arc common all over 
the world. In a normal year the United States produces 500,000 
tons and imports much more. Mexico, Australia, and Spain pro- 
duce smaller amounts, making a world production ol more than 

1,900,000 tons. 

Metallurgy. Part of the lead sulfide ore is first roasted or sin- 
tered, forming a “matte” of mixed sulfides if copper sulfide is 
present. In the absence of copper sulfide roasting is continued 
until lead oxide is formed. This is then mixed with raw ore, coke, 
and limestone, and added to the furnace, where it meets a strong 
blast of air. The burning carbon and the carbon monoxide 
formed are both good reducing agents, as we have learned in 
connection with the smelting of iron ores. Lead oxide is reduced 
to the metal. The iron present as an impurity is burned to the 
oxide and, as we have seen in the study of the iron blast furnace, 
the oxide is reduced by hot carbon monoxide to the metal. But 
iron can extract sulfur from the raw lead sulfide, so in this case 

an impurity is a genuine aid: 

PbS + Fe — Pb + FeS 

The limestone carries off silica in the fusible slag, calcium sili- 
cate. A molten “matte” of iron sulfide with copper sulfide and 
some lead sulfide is separated to be treated for further extraction 

of lead. 

Refining of lead usually involves the separation of antimony, 
arsenic, bismuth, and copper by oxidation. The lead is kept 
molten with stirring. These impurities oxidize more readily than 
lead and float to the surface as dross. Any gold or silver may be 
removed by Parkcs’ process (see Silver) or by Betts’ electrolytic 
process. With electrolysis the impurities drop as anode mud 
(compare with purification of copper). 
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Electrolysis: Na, Ca, Ba, Mg, Al, Be 
SODIUM 

The preparation of metallic sodium by electrolysis of fused 
sodium hydroxide or sodium chloride has been discussed on 
page 206. 

CALCIUM 

Calcium is now made by electrolysis of the melted chloride in 
a carbon or iron cell with a graphite anode. The metal is molten 
when liberated and floats to the top of the bath, where it is chilled 
and slowly lifted out as a growing stick. 

The crude calcium melts at 800°. Forty years ago the price 
was $20.00 per pound but now the cost is less than SI -00 for a 
metal 99 per cent pure. 

Barium metal resembles calcium but has very little industrial 
use as yet. It has value in “getting” the vacuum in radio tubes, 
and in a high nickel alloy for auto ignition equipment. 

Barium and calcium can also be prepared by reduction of 
their oxides with ferrosilicon at 2000°. This is similar to the 
Pidgcon process for magnesium. 

MAGNESIUM 

Magnesium is a very common element, although not a very 
cheap metal, because of the cost of its preparation. It occurs as 
magnesite, MgC0 3 , as the double salt, dolomite, MgC0 3 -CaC0 3 
and as the double chloride, carnallite, K.C1 • MgCl 2 • 6 H«0. 
Meerschaum is Mg 2 Si 3 0 3 - 2 H 2 0, and serpentine is Mg 3 Si 2 C> 7 * 
2 H >0. Soapstone, or talc, is Mg 3 H 2 (Si0 3 ) 4 , and asbestos is 
CaMg 3 (Si0 3 )4. Brucite is the hydroxide. 

The United States has large deposits of the carbonate in 
Washington, Nevada, and California, of the hydroxide (brucite) 
in Nevada, and olivine (a silicate) in Washington. In Michigan 
the bromide and chloride occur in beds of common salt and, of 
course, the ocean is an inexhaustible source of the chloride. 

Preparation. Davy (1808) isolated the metal in impure form 
by electrolysis (compare calcium), but Bussy prepared a co- 
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herent form in 1831 by reducing the chloride with metallic 
potassium. For a long time reduction with sodium was the com- 
mercial, but expensive, method of preparation. 

The process in use now is the electrolysis of melted magnesium 
chloride to which have been added sodium chloride and potas- 
sium chloride to lower the melting point. In 1915 the metal cost 
S5.00 per pound, and 88 pounds were made in this country, but 
the present cost of magnesium is about 20 cents per pound. 


Nitrogen or 
carbon dioxide 


Chlorine exit 



Cxrbon mode 
PoroeUin hood 
Iron cylinder cathode 

iron i he II 


Solidified crust of electrolyte 

Fig. 139. Electrolytic preparation of magnesium. 


One cubic mile of sea water contains 5,700,000 tons ol magne- 
sium, as chloride and sulfate. A huge plant now extracts magne- 
sium metal from this unlimited reserve. Our production rose to 
250,000 tons in 1944 but this was largely for military needs, 
aircraft and incendiary bombs. Only a small fraction of this total 

will be needed now. 

Sea water is treated with lime to precipitate Mg(OH)-. which 
is then converted to MgCh for electrolysis. 


Exercises 

1. The chloride for electrolysis has been obtained in one large plant by passing 
chlorine over hot magnesium carbonate and coal. Equations? 

2. Addition of a slurry of lime to sea water precipitates the very insoluble 
magnesium hydroxide, readily converted into the chloride. How? 
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Although the heat of formation of magnesium oxide is very 
high, reduction of it with carbon in the electric furnace (air 
excluded) is possible. The metal vapor may be cooled to a 
powder on meeting a blast of cooled hydrogen or oil spray. 
Otherwise the reaction would reverse. This is the carbothermic 
process. 

By the Pidgeon process silicon, as ferrosilicon, reduces magne- 
sium oxide in a vacuum furnace (less than 1 mm. pressure). 
Magnesium vapor condenses in crystalline form. This was a war 
emergency process. 

ALUMINUM 

Occurrence. Aluminum is the most extensively distributed of 
the metals, making up about 7 per cent of the earth’s crust. It 
never occurs free, but nearly all rocks except sandstone and lime- 
stone contain aluminum compounds. Such silicates as feldspar, 
KAlSiaOs, and mica, K.AlSi0 4 , are common. Ordinary clay, 
H 2 Alo(Si0 4 )2-2 H 2 0, cryolite, Na 3 AlF 6 , bauxite, A1 2 0 3 -2 H»6, 
alunitc, K 2 SO.j* A1 2 (S0 4 ) 3 * Al 2 0 3 *6 H 2 0, and corundum, A1 2 0 3 , 
arc well-known compounds of aluminum. Bauxite is the most 
important. 

Preparation. Oersted, the Dane, was the first to isolate the 
metal (1825), yet for a century the world gave Wohler the credit. 
The German changed Oersted’s method slightly. Wohler heated 
the anhydrous chloride with metallic potassium: 

A1C1 3 -b 3 K — > A1 + 3 KC1 

I his method, yielding a metal that sold for SI 60 per pound, 
(earlier in 1852 at S545) was not destined to make aluminum 
compete with anything but museum specimens. The French 
chemist, Deville, improved the process in 1854 by using the 
cheaper sodium instead of potassium and the less volatile double 
c hloi ide ol sodium and aluminum instead of the simple chloride. 

I he price fell rapidly from SI 00 to SI 7 in 1859 and two tons were 
produced. Castner, the American, attempted to cheapen alu- 
minum by still further cheapening sodium and in this he suc- 
ceeded in 1886. His work forced aluminum down to S4 per pound. 
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Charles M. Hall, a student in Obeiiin College, 1886, attacked 
the problem of making cheap aluminum and succeeded where 
the greatest scientists of the century had failed. It occurred to 
him that if he could find an easily melted mineral in which 
aluminum oxide dissolved, the solution might be electrolyzed. 
Such a mineral he found in cryolite, 3 NaF-AlF 3 , from Green- 
land. Hall secured his electric 
current from all the batteries 
he could borrow or make. By 
melting the cryolite in a graph- 
ite crucible with the heat of a 
charcoal furnace and using a 
carbon anode, he managed to 
secure a few buttons of the pre- 
cious metal. By 1888 his com- 
pany was producing aluminum 
commercially (Fig. 141). The 
price fell to 17 cents per pound 
in 1941 and to 15 cents in 
1942. 

Bauxite, Al 2 0 3 -3 H 2 0, is 

found in several countries, not- 
ably France, the United States 
(Ark.), British and Dutch 
Guiana, and Hungary. 

Most bauxite contains iron oxide as an impurity. 1 his is re- 
moved by digesting the finely ground ore with concentrated 
sodium hydroxide under steam pressure, thus dissolving the 
aluminum as sodium aluminate without affecting the iron oxide. 

Upon dilution, cooling, and “seeding” with a little freshly pre- 
cipitated aluminum hydroxide, the sodium aluminate is hydro- 
lyzed and the original aluminum hydroxide is reprecipilated . 

Al(OH) 3 -b NaOII NaA10 2 + 2 H 2 0 

The ignited hydroxide (now alumina, A1 2 0 3 ) is added to the 
cell ready for electrolysis. These cells arc iron boxes lined with a 
tarry material (retort coke). Several carbon anodes dip into the 



Fig. 140. Charles M. Hall. Etching on 

aluminum. 
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bath, which is kept molten (about 1200°) merely by the heat of 
resistance. The carbon-lined iron cell is the cathode. The metal 
is discharged at the cathode and sinks to the bottom, to be tapped 
off from time to time. Oxygen is evolved at the anodes, possibly 
because fluorine is discharged at the anode and displaces oxygen 
from aluminum oxide. Since it is only the dissolved alumina that 
is decomposed, the cryolite should never need renewal — but it 
does. Calcium fluoride, aluminum fluoride, and the chlorides of 



sodium, potassium, and aluminum are added in present practice 
to improve the bath. The potential fall in a cell is only about five 
volts, but a flow of several thousand amperes is maintained. 

To make one pound of the metal, 2 pounds of aluminum oxide, 
0.8 pound of carbon anodes, 0.1 pound of cryolite, 0.1 pound of 
fluorspar, and 12 KWH of electricity are required. 

American production, because of war demands, rose in early 
1944 to a yearly rate of 920,000 tons. Canada, Europe, and 
Japan also produced large tonnages. After the war our produc- 
tion fell, later rising sharply to 600,000 tons in 1948. 

The American aluminum industry uses the excellent bauxite 
ores from the northern strip of South America and from Arkansas 
but it is possible, when these arc exhausted, to make the metal 
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from a mixture of clay and bauxite, sintered with lime, and 
digested with soda to yield aluminum hydroxide. High silica 
bauxite, almost a clav. has been so treated. We also know how to 
treat the alunite ore of Utah. 

BERYLLIUM 

Beryllium, Be, occurs in the mineral beryl, a beryllium alumi- 
num silicate of the formula 3 BcO • Al-On • 6 Si0 2 , and in aqua- 
marine. When the former is transparent and tinted green with 
chromium silicate, it is called emerald. Wohler prepared the ele- 
ment in 1828 by heating the chloride with potassium. 

To prepare the amphoteric hydroxide, Be(OH) 2 , iroin the ores, 
a new process calls for quenching the hot ore in water, then 
sulfuric acid. The sulfate so formed is dissolved and then precipi- 
tated as the hydroxide to be converted into the oxide, BeO. I he 
oxide is reduced with carbon in the electric furnace in the pres- 
ence of copper which alloys with the beryllium. Or a fused bath 
of BeCl 2 and NaCl may be electrolyzed. 

In this country a master alloy of about 3 per cent beryllium 
with 97 per cent copper is sold to be alloyed with other metals. 


Amalgamation with Mercury 
SILVER 

Occurrence. Silver ores were discussed on page 516 and meth- 
ods of extracting the metal (except the amalgamation process) 

were explained. 

Metallurgy. The amalgamation process is applicable to ores 
carrying free silver, or to silver chloride. By roasting the suliide 
ores with sodium chloride, they yield silver chloride, which can 
then be amalgamated. Crushed ores treated with mercury yield 
an amalgam of silver-mercury. I bis is separated horn the waste 
rock and distilled in an iron retort. 1 he volatile mercury is con- 
densed for further use and the silver is left in the retort. Silver 
chloride with mercury yields metallic silver by simple displace- 
ment and the excess mercury then amalgamates it: 

AgCl + Hg — ► Ag + HgCI 
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The Cyanide Process: A g, Au 
SILVER 

Silver compounds are soluble in alkali cyanides, so ores may be 
leached with a solution of sodium cyanide. From this solution of 
the complex cyanide the silver is precipitated by the addition of 
zinc shavings. 

GOLD 

Gold occurs free or alloyed with silver. Its only compound 
found in nature is the telluride, AuTc. 

The Transvaal of South Africa leads in production with the 
United States in second place, and Australia and Russia follow 
in that order. 

Since Columbus discovered America a billion ounces of gold 
have been mined — equivalent to a golden cube 41 feet on edge 
— 60 per cent of it produced in the first 35 years of this present 
centurv. 

4 

Quartz rock carrying veins of gold is crushed and the material 
washed over cleats of amalgamated copper. The gold amalgam 
formed is worked up like the silver amalgam previously de- 
scribed. 

In the cyanide process low-grade ores are leached in presence 
of air with sodium cyanide solution to form the soluble sodium 
auro-cyanide from which the gold is secured by displacement 
with zinc or by electrolysis : 

4 4 

2 Au + 4 NaCN + O + H .O — > 2 NaAu(CN) 2 + 2 NaOH 
2 NaAu(CN), + Zn Na-»Zn(CN) 4 + 2 Au 

(The platinum metals are discussed on page 550.) 

Powder Metallurgy 

Metals of high melting point, such as tungsten, molybdenum, 
and tantalum, which cannot be melted and cast are prepared in 
mass by powder metallurgy with the aid of heat and pressure. 
Even with metals of lower melting point there are a number of 
advantages in the use of powder metallurgy such as omitting the 
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usual final machining and grinding of small and complicated 
articles. The metal powders are prepared by reduction of oxides 
or by atomization. Metals which are immiscible in the melted 
state or which are widely different in volatility may be alloyed 
readily by sintering, but not melting, their mixed powders. 

Hard carbides, cemented by cobalt, are shaped by powder 
metallurgy for cutting and grinding tools. 


Exercises 


3. Is magnesium made by any other method than electrolysis? 

4. What is a “matte” in metallurgy? 

5. What new idea in the metallurgy of aluminum did Hall contribute. 
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Chapter 47 properties and uses 

OF THE METALS. 

PART I 


The properties of a metal dictate its uses. For strength we use 
steel (modified iron); for great chemical resistance platinum is 
preferred; while for ductility and electrical conductivity copper 
meets the great commercial demands. 


METALS 

1. Form basic hydroxides 

2. Form simple positive ions 

3. Reflect light well when 
polished 

4. Conduct electricity and heat 
well 

5. As a class are malleable and 
ductile 


NON-METALS 

1. Form acidic hydroxides 

2. Do not form simple positive 
ions 

3. Do not usually show “metallic 
luster” 

4. Do not conduct heat and elec- 
tricity well 

5. In general are not malleable or 
ductile 


'I'h is is an historical classification to be used with several quali- 
fications. For example, there are a few elements such as zinc and 
aluminum whose hydroxides yield both hydrogen ions and hy- 
droxide 10ns in water. Furthermore the higher-valence number 
hydroxides of manganese, chromium, and lead are acidic, while 
then lower-valence number hydroxides are basic. 

Metallic properties are usually associated with few valence 
electrons — lour or less. 

In metallic crystals the valence electrons arc not tied to any 
particular atom but exist as a kind of free electron gas. 
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CORROSION-RESISTANT METALS 

A preliminary classification of metals by properties should be 
much more interesting than a mere encyclopedic recital. Icn 
properties are used for classification below, although others could 
be added — expansion on heating, for example. In fact cast iron 
has added value because it expands on solidifying to fill the mold 

sharply. 

1. The Light Metals. Although sodium, potassium, and lith- 
ium have low specific gravities there are only two metals, alumi- 
num and magnesium, used because they possess low densities 


(Al, 2.7; Mg, 1.74). 

2 The Most Active Metals. The alkali metals (Na, K, Li, 
Cs, Rb) as a class arc the most active chemically and have lab- 
oratory interest for that reason. Commercially we find it con- 
venient to use the reasonably active calcium or barium as 
“getters” in cleaning out the gases in vacuum tubes after pumps 
have done their best. These metals are active enough to react 
with both nitrogen and oxygen of the air. Calcium will deoxidize 
certain molten metals, as will hot aluminum. In fact the useful 
thermit process (page 510) depends upon the activity of hot 
aluminum to steal oxygen from some other metallic oxides. 

3 The Least Active Metals. At the lower end of the activity 
series of metals arc the “noble metals,” so lazy chemically that 
they arc commercially useful because of that property. Platinum 
and its group are invaluable for laboratory crucibles, and for 
dental and jewelry uses. Compact protective films of oxides make 
aluminum and some other metals seem less active. Copper, too, 
tarnishes with a green coating of the basic carbonate, yet the 
metal beneath lasts for centuries. Even lead, although tarnished 
in air, has considerable permanence if not in contact with acetic 


or nitric acids. . 

4 Corrosion-Resistant Metals. The “noble metals just men- 
tioned might be included here although for chemical equipment 
copper and silver would have limitations — they are attacked by 
nitric and certain other acids. Tantalum, also, is highly resistant 


to attack. . . ... 

A few metals that resist atmospheric corrosion (unlike common 

steel) are useful as protective coatings, and are deposited by dip- 



528 


PROPERTIES AND USES OF METALS. PART I 


ping in the melted metal, by spraying melted metal, or by electro- 
plating. Tin-plated steel, galvanized iron or steel (zinc coating), 
nickel and cobalt plating, silver plating, aluminum coating, and 
chromium plating are all of commercial importance. 

At high operating temperatures (as in the cracking tubes of 
petroleum refineries) chrome-steel alloys or chromium-plated 
steels are required. Phosphate-coated steel is rust-resistant. 

5. Low-Melting Metals. It is very convenient in thermom- 
eters, barometers, pressure gauges, and various types of scientific 
apparatus to use a liquid metal such as mercury. 

Fortunately for the plumber, for workers in type metal and 
solders, and for other technicians, lead melts at 327.5°, a low 
temperature compared with copper’s 1083°. At the opposite 
extreme it is fortunate that tungsten has a high melting point, for 
as a filament in some electric lamps it may reach a temperature 
of 2500°. It melts at 3370°. 

6. Metals Readily Volatilized. The mercury-vapor lamp 
and the sodium-vapor lamp (giving us excellent illumination 
where used on highways) are possible because of the ready 
volatility of these metals. Recovery of mercury from its amalgams 
with gold and silver (secured in metallurgy of their ores) depends 
upon the great differences in boiling point of the metals con- 
cerned. I he use of boiling mercury in one type of high vacuum 
pump is well known. Recovery of zinc from ores heated with 
coke depends upon the case with which zinc volatilizes. 

Metal wires, rapidly heated in a high vacuum by an electric 
current, are vaporized and deposited on solid surfaces by a process 
called “sputtering.” It has been found that the atoms in such 
films arrange themselves evenly in layers 50 atoms deep in the 
shapes of the metal crystals underlying them, and not according 
to their own crystal lattice. The deposited film is gripped hard by 
every atom in the surface beneath. 


7 Ductile and Malleable Metals. The more ductile metals, 
such as gold, silver, copper, and aluminum, belong to the face- 
ccmcred cubic lattice type. Less ductile metals, such as molyb- 
denum, tungsten, and chromium, belong to the body-centered 
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lattice type, in which the face-centered atoms of the unit cube are 
replaced by a single atom at the cube center. 

Columbium and tantalum arc extremely ductile and may be 
worked cold. 

As a costly stunt aluminum was recently drawn into a wire u^th 
the thickness of the average human hair. 

Iron can be rolled into suitable shapes when red hot. Zinc is 
most readily rolled at 100°— 150° and is almost brittle at 205 . 
Gold leaf has been hammered to a thickness of 0.0001 mm. Lead 
is far from ductile, although malleable, while platinum wire has 
been drawn to a diameter of 0.00008 mm., and 1 gram of gold 
can be drawn into a wire 3240 meters in length. 

8. Strong Metals. When great tensile strength is required we 
usually turn to alloys such as steel, yet a tungsten wire (drawn) 
has the extremely high tensile strength of 600,000 pounds pci 


square inch cross section. I he values lor hard drawn iron 
(100,000 pounds), nickel wire (155,000 pounds), and tin (5000 
pounds) arc interesting in comparison. 

For great strength we usually use impure metals (alloy steels). 

9. Metals of High Electrical Conductivity. Silver, under 
certain conditions, is the best conductor but copper is second and 
is also plentiful, so it dominates the electrical industry, l or cables 
transmitting electrical power aluminum (although the cable 
must be thicker than a copper cable) is a rival. Platinum and 
mercury have laboratory uses which depend on their conduc- 
tivity. 

10. Highly Colored Metals. It is remarkable that of all the 
metals only gold and copper have decided color. 1 heir alloys 
(brass, bronze, etc.) may also have color. This property adds to 
their commercial value. 


NORMAL PRICES 


Tin 46 cents per lb. 

Nickel 35 

Magnesium 20.5 
Aluminum 15 
Copper 1 5 


Lead 5 cents per lb. 

Zinc 4.5 

Steel 2.8 

Pig iron 1 
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THE ALKALI METALS 


ELEMENT 

ATOMIC 

WEIGHT 

DENSITY 

g./ml. 

MELTING 

POINT 

BOILING 

POINT 

ATOMIC _ AT. WT. 
VOLUME DENSITY 

Lithium 

(Li) 

6.94 

0.534 

186.0° 

1200.0° 

13.1 

Sodium 

(Na) 

23.997 

0.971 

97.5° 

880.0° 

23.7 

Potassium 

(K) 

39.096 

0.862 

62.3° 

760.0° 

45.4 

Rubidium (Rb) 

85.48 

1.532 

38.5° 

700.0° 

55.8 

Cesium 

(Cs) 

132.91 

1.90 

28.5° 

670.0° 

71.0 

This group of elements, as shown by its position 

in the periodic 


system, is strongly metallic. The alkali metals are the most active 
of all metals, reacting violently with water, and hence are not 
found free in nature. In the laboratory these metals must be kept 
under oil to exclude moisture and oxygen. Their hydroxides are 
the strongest bases. The elements are soft with a silvery luster, 
and quickly tarnish in the air with the formation of layers of 
oxide, hydroxide, and carbonate. All the elements of this group 
are obtained by electrolysis of their fused salts or hydroxides. The 
valence number is uniformly one throughout the group. 

Metallic lithium is so active that it reacts slowly with dry 
nitrogen at room temperatures. As a scavenger in purifying 
molten metals it reacts with nearly all the non-metallic im- 
purities and gases present. 

Lithium vapor, by uniting with oxygen of the air, furnishes a 
reducing atmosphere for welding, heat treating, and carburiza- 
tion of metals. In such an atmosphere no black oxide, Fe 3 0 4 , can 
form on hot steel. 

Cesium is the most active of all metals and is used in photo- 

ele< trie cells lor its sensitivity to light. It is coming into use as 

the vapor in a vacuum tube rectifier, changing alternating into 
direct current. 

Metallic sodium is shipped in forty-ton tank cars, and is 
loaded and unloaded in the molten condition. Since it is impor- 
tant in the manufacture of sodium cyanide (so much used in 
electroplating and in heat treatment of metals), of sodium 
peroxide, of indigo, of tetraethyl lead used as an anti-knock agent 

in gasoline, and of sulfapyridine, there is a rather large demand 
lor this active metal. 
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Sodium-cooled valves are used in the most powerful airplane 
motors. 


THE ALKALINE-EARTH METALS 




ATOMIC 

ELEMENT 

WEIGHT 

Beryllium 

(Be) 

9.02 

Magnesium (Mg) 

24.32 

Calcium 

(Ca) 

40.08 

Strontium 

(Sr) 

87.63 

Barium 

(Ba) 

137.36 

Radium 

(Ra) 

226.05 


BERYLLIUM 


DENSITY 

MEETING 

VALENCE 

g./ ml. 

POINT 

NUMBER 

1.73 

1300° 

2 

1.74 

651° 

2 

1.55 

810° 

2 

2.54 

800° 

2 

3.75 

850° 

2 

5.0 

960° 

2 


Properties. Beryllium is a brittle light-gray metal, capable of 
taking a high polish, hard enough to scratch glass, four times as 
elastic as aluminum but only two-thirds as heavy, and almost as 
elastic as steel. Chemically it resembles aluminum and alloys with 
it; but in the free state it looks like crystalline silicon. Its density 
is about 1.73 g./ml. and its melting point 1300° C., near which 

temperature it oxidizes readily in the air. 

In 1922 it sold (a few grams of it) at S5000 per pound; now it 
may be had at $15 or less per pound, in master alloys with 


copper or nickel. 

The outstanding property of beryllium is its high elasticity. 
Springs of beryllium nickel alloys possess marvelous resistance to 

fatigue. 

To copper and iron it adds hardness; but it does not alloy at 
all with magnesium. The alloys with iron, copper, and nickel are 


improved by hcat-trcatinents. 

As a window in X-ray tubes beryllium transmits the rays 
seventeen times as well as the usual aluminum window. 


MAGNESIUM 

Properties. Magnesium is a silvery white metal melting at 
651° and boiling at 1100°. Its low density of 1 .74 g./ ml. is interest- 
ing, for there is only one other commercial possibility, aluminum, 
among the light and strong metals to compete with it as an en- 
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gineering material, and aluminum has a density of 2.70. It is 
important commercially that magnesium does not rust in dry air. 
A thin film of hydroxide, turning into the basic carbonate, does 
form in moist air, but it is coherent enough to protect the metal 
beneath. At a temperature just below its melting point the metal 
can be drawn into wire. 

Magnesium of 99.99 per cent purity can be prepared by sub- 
limation of the crude metal below its melting point of 651°, under 
reduced pressure (2 mm. of mercury). The vapor condenses in a 
beautiful crystalline mass. 

One of the chief uses of magnesium is in alloys with aluminum, 
which may contain from 8 to 25 per cent magnesium. They are 
harder, lighter, stronger, and more easily machined than alumi- 
num alone. 

Chemically, magnesium is a rather active element, since it dis- 
places hydrogen from boiling water. It also has some value in 
organic syntheses. Magnesium unites with most non-metals. 
With nitrogen it forms the nitride, Mg 3 N 2 , of interest because it 
reacts with water to form ammonia. Magnesium burns at 600° 
with a brilliant white light, strong in actinic rays, hence its use in 
flashlight powders. It is much used in star shells for military 
illumination. Magnesium is not attacked by strong bases while 
aluminum is, but on the other hand magnesium is attacked by 
weak acids. 

Although powdered magnesium burns brilliantly the metal 
can be hot forged in the form of bars. 

War demands (incendiary bombs and aircraft) increased our 
magnesium production in 1943 to fully 100 times the 1939 pro- 
duction. 

Radium was treated in earlier chapters but it belongs in this 
group. The metals of this group are like the alkalies in that 
they form rather strong bases. 

All the elements are divalent in their compounds. All are 
active, displacing hydrogen from cold water with moderate 
speed. They are silvery white metals when freshly cut, but quickly 
tarnish in air because of formation of the oxides and probably 
the carbonates. They are somewhat harder than lead. 
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CALCIUM 

Properties. Calcium is a silver-white metal, melting at 810°. 
Its density is 1.55 g./ml. The metal can be rolled and drawn. 
When hot it can be worked much more easily, but oxidation in- 
creases rapidly with rise in temperature. The hot metal unites 
readily with both oxygen and nitrogen; hence it can be used in 
securing a vacuum. Its nitride yields ammonia in contact with 

water: 

Ca 3 N 2 + 6 H .O -> 3 Ca(OH) 2 + 2 NH 3 

Calcium metal is growing in favor as a deoxidizer of copper and 
steels, a lead hardener (particularly for lead cables and bearing 
metals), in aluminum alloys, as an agent in reducing the oxides 
of beryllium and chromium, as a desulfurizer in oil refining, and 
as an absorbent of residual gas in radio tubes. 

Only 0.25 per cent of calcium in magnesium alloys improves 

tensile strength and ductility. 

A storage-battery grid of Pb-Ca instead of the usual Pb-Sb 

gives longer life to the battery. 

A bearing metal of Ca-Ba-Pb is made by electrolysis of the 
fused chlorides of calcium and barium over a molten lead 
cathode. 

Calcium removes bismuth and other impurities from lead. 
With ammonia it reacts in a strange way: 

3 Ca + 2 NIT, — 3 CaH 2 + N 2 


BARIUM AND STRONTIUM 


The properties of barium and strontium are 
calcium. Only the barium has any use, as a “ 
tubes. 


similar to those ol 
getter” in vacuum 


Copper (Cu) 
Silver (Ag) 
Gold (Au) 


, AND 

GOLD 



ATOMIC 

DENSITY 

MEETING 

VALENCE 

W1 IGIIT 


POINT 

NI'MIIER 

63.57 

8.92 

1083° 

2(1) 

107.88 

10.5 

960. 5° 

1 

1 07.2 

19.3 

1063° 

3(1) 
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Compared with the other family (Na, etc.) of Group I of the 
Periodic Table, copper, silver, and gold are much harder, far 
heavier; and all three melt near 1000°. They are so inactive they 
do not react with water and, in fact, do not displace hydrogen 
from acids. Copper forms a very thin film of oxide in air, but gold 
and silver are not affected by air. This inactivity explains the 
occurrence of these three metals free in nature. Consequently 
they were known in ancient times. Their beauty made them 
especially desirable. 

COPPER 

Properties. Copper is red by reflected light, but greenish by 
transmitted light. The two colors may be observed with thin 
sheets such as “Dutch foil.” Copper melts at 1083° and boils at 
about 2310°. The melting point in air is lowered about 20° by 
the oxide formed, which is soluble in copper. The metal has a 
density of 8.92 g. /ml. It is remarkably malleable and ductile, and 
when annealed is the best of the cheaper metals as an electrical 
conductor but when drawn into wire it is second. If it lacked 
either in ductility or conductivity, there would not be much 
copper wire on the market. 

Oxidizing acids attack copper and even acetic acid will, 
slowly, attack the oxide film formed from the action of air. 

The green coating acquired by copper roofing and bronze statues outdoors 
was once thought to be the basic carbonate. In cities it contains the basic 
carbonate but near the sea it contains some basic chloride. 

Uses. Copper wire in the electrical industry, copper alloys, 
copper roofing, copper electrotype call for 1,000,000 tons of this 
metal in a normal year in the United States. 

SILVER 

Properties. Silver is a white metal melting at 960.5° in the 
absence of air. In the air it melts at 955°, due to the fact that 22 
volumes of oxygen dissolve in one volume of molten silver, thus 
lowering the freezing point. On cooling, this oxygen escapes with 
a curious spattering of the surface crust. Silver is the best con- 
ductor of electricity and but for its cost would displace copper 
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from the electrical industry. Silver is remarkably ductile, having 
been drawn to wire so fine that 1800 meters weighed 30 g. It is so 
malleable that foil has been prepared 0.00025 mm. in thickness. 
It boils at 1950° and has a density of 10.5 g./ml. 

Chemically, silver is inactive. It is not affected by hot oxygen, 
but it slowly reacts with sulfur and the halogens. Silver spoons 
become tarnished with a layer of sulfide especially when in 
contact with eggs. 

Uses. Cheaper objects are electroplated with silver by making 
them the cathodes in a bath of the double cyanide. The plated 
surface has a frosted appearance until polished. Silver plating 
only one-millionth of an inch thick has been deposited on copper 
and steel. Practically all mirrors are now made by reducing an 
ammoniacal solution of silver nitrate with glucose, formaldehyde, 
or Rochelle salts. The reduced silver is deposited on glass and is 
then varnished to protect it. In earlier days tin amalgam formed 
the reflecting surface. Silver is much used in coinage, ornaments, 
and in the preparation of its halogen salts for the photographic 
industry. One-third of all the silver produced in the United 
States is used to make silver bromide for this industry. 

A leading manufacturer of picture film and plates uses more 

than 2000 tons of silver every year. 

The United States Treasury hoards 100,000 tons of silver but 
during World War II it loaned about 15,000 tons to be used as 
heavy bus bars in electrolytic industries, to replace copper. 

GOLD 

Properties. Gold leads the metals in ductility and malleability. 
Gold leaf has been hammered so thin that it required 110,000 
sheets to reach a total thickness of 1 cm. Gold wire has been 
drawn so fine that 3240 meters weighed only one gram. Gold 
melts at 1063° and boils at 2600°. It is too soft to be used pure, 
so coins and jewelry contain copper as a hardening agent. 
United States gold coins were 90 per cent gold. In jewelry the 
purity of gold is rated by carats of fineness. Pure gold is 24 carats 
fine, while the usual jewelry alloy of 18 carats is only 18/24 pure. 
The specific gravity of pure gold is high, 19.3. 
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Chemically, gold is inactive. Not only is it indifferent to oxygen 
and hydrogen sulfide, but it resists the attack of nitric acid. How- 
ever, free chlorine slowly attacks it. Consequently the mixture of 
concentrated nitric and hydrochloric acids (containing some 
nitrosyl chloride and free chlorine) called aqua regia dissolves 
gold, forming auric chloride, which, with excess of hydrochloric 
acid, forms chlorauric acid: 

Au + HN0 3 + 3 HC1 -» AuCls + NO + 2 H 2 0 
A 11 CI 3 + HC1 -> HAuCU 

Although the world produces 1000 tons yearly 90 per cent of it 
is hoarded in government gold reserves. 

ZINC, CADMIUM AND MERCURY 

ATOMIC DENSITY 

WEIGHT g./ml. 

Zinc (Zn) 65.38 7.14 

Cadmium (Cd) 112.41 8.65 

Mercury (Hg) 200.61 13.546 


MELTING 

POINT 

419° 

320.9° 

-38.87° 


VALENCE 

NUMBER 

2 

2 

2 , 1 


ZINC 

Properties. Zinc is a blue-white metal whose properties vary 
with its treatment. Cast zinc is moderately hard and brittle, but 
if heated to 100°- 150° it becomes so malleable that it can be 
rolled to thin sheets, which remain soft and malleable on cooling 
to ordinary temperatures. The melting point is sometimes given 
as 419.4°, but varies above or below this according to the physical 
history ol the sample. Zinc tarnishes in air with the formation of 
a film of basic carbonate. When very hot it reacts with steam: 

Zn + H >0 ZnO + H-> 

It burns in air with a bluish flame and the formation of white 
fumes of the oxide. It is the most active of the cheap metals, so it 
is made the “dissolving element” of most primary cells, yet pure 
zinc scarcely is attacked by dilute sulfuric acid. The presence of 
another metal or impurity, less active, causes a rapid attack of the 
zinc by the acid, although the bubbles of hydrogen are released 
on the surface of the other metal. Zinc dust particles are usually 
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covered with a film of oxide. On exposure to moist air large 
quantities of zinc dust in storage have been known to take fire. 

Uses. The most important use of the metal is in the galvanizing 
of iron to protect the iron from rusting. As zinc itself does not 
rust, the iron beneath cannot be attacked until the zinc suifacc is 
scratched or broken. 

Galvanizing is done by cleaning the rust or scale from iron 
with dilute sulfuric acid and dipping the clean iron into melted 
zinc. On cooling, the zinc crystallizes in the familiar spangled 
design. At least 2 oz. per square foot of surface are needed to give 

protection. 

Rolled zinc is used for roofing, gutters, washing-machine parts, 
and battery elements. Alloyed with copper it forms brass, one of 
the most useful of all alloys. Zinc dust is a valuable reducing 
agent in organic syntheses. Zinc salts are poisonous, so food con- 
tainers should not be made from this metal. 

Zinc of 99.99 per cent purity is remarkably ductile and brilliant 
and may be used to coat wire or sheet steel. Melted zinc can be 
sprayed on steel as a coating. It also yields better die castings 
than the less pure metal. 


CADMIUM 

Properties. Cadmium looks much like zinc, melts at 320.9°, 
boils at 770°, and has a density of 8.65 g./ml. Its chief use has been 
in low-melting alloys, such as those used for automatic lire sprin- 
klers and electric fuse wires. Some cadmium is also used for spe- 
cial solders and bearing metals. In recent years alloys of cadmium 
with nickel or silver or copper have come into extensive use as 
bearing alloys for high-speed machinery. I'he bearing is often 
plated with indium. Its use is growing rapidly in several impor- 
tant alloys, as a white foundation for silver plating, and as a rival 
to nickel plate. Production in the United States is 4,000,000 

pounds per year. 


MERCURY 

Properties. Mercury is a beautiful silvery liquid at ordinary 
temperatures, in fact it is the only metal liquid under such con- 
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ditions. Cesium and gallium come near it. Mercury freezes at 
— 38.87°, boils at 356.9°, and has a high density, 13.546 g./ml. at 
0°. When heated well above its boiling point, the vapor conducts 
electricity quite well with radiation of a bluish-green light rich 
in ultra-violet rays. Lamps using this principle are made of glass 
tubes when only the visible light is desired, but when the ultra- 
violet rays are wanted for water sterilization or other purposes, 
the tube must be of clear quartz. Glass stops ultra-violet rays, 
while quartz lets them through. 

Mercury is used in thermometers, air pumps, gas-measuring 
and collecting apparatus, and was once essential to the manufac- 
ture of mirrors. Now all mirrors have a silver reflecting surface. 
Mercury forms amalgams with many metals. 

Chemically, mercury is almost a “noble” metal. It is oxidized 
slowly by air only above 300°, as Lavoisier learned in his classic 
experiment (page 39). Mercury is not attacked by any acids 
except with oxidizing ones, such as nitric and hot concentrated 
sulfuric acid. The metal is not poisonous in the mass, but some of 
its soluble salts are, as is its vapor. 

The mercury-vapor turbine produces more power than the 
corresponding steam turbine but 155 tons of mercury were 
required for one large installation. 

Exercises 

1. What arc the three light metals suited to engineering work? 

2. What arc the uses of magnesite, MgCO*? 

3. What metals might substitute for copper, if it ceased to exist? 

4. Of what use is calcium? 

5. Why do we want ductile metals? 

6. What metal, or alloy, makes springs that arc never fatigued? 
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ALUMINUM 

Properties. Aluminum is one of the lightest of the very common 
metals, its density being only 2.7 g./ml. (iron is three times as 
heavy). In color it somewhat resembles silver, but has a bluish 
sheen. It melts at 660° and boils at 1800 . It is rolled oi ham- 
mered most easily at 100°— 150°. Near the melting [joint it is so 
brittle that it can be ground to flakes, in the presence of a 
lubricant. It is an excellent conductor of heat and electricity. In 
wire of the same cross section and equal length it conducts elec- 
tricity only two-thirds as well as copper, but weight for weight it 
excels copper in this respect. More than 500,000 miles ol steel - 
cored aluminum cables are in use. Only iron and copper among 
the common pure metals have greater tensile strength. 

Chemically aluminum is very active, yet it is tarnished only 
slightly in air. This is because of the formation of a thin coherent 
film of the oxide which protects the metal beneath. Sometimes 
it is desirable to thicken this oxide film by anodic oxidation in a 
bath of sulfuric or dichromic acid. Hydrochloric acid dissolves 
aluminum readily with the escape of hydrogen, but cold dilute 
nitric acid attacks it hardly at all. 1 his is probably due to the 
oxidizing action of nitric acid. Like zinc this metal is dissolved by 
solutions of sodium or potassium hydroxide: 

2 A1 + 2 NaOH + 2 H.O — * 2 NaAlO* + 3H 2 

539 
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Commercial aluminum is 99.2 per cent pure (the remaining 
percentage made up of iron and silicon). Cold rolling increases 
the strength. Cooking utensils contain 1 .25 per cent manganese. 
Some 600 million aluminum cooking vessels have been made in 
this country. 

A smooth, bright surface of aluminum is a splendid reflector of 
radiant heat and consequently the metal deserves its growing use 
as a heat insulator for locomotives, milk tanks, houses, and naval 
vessels. Naturally the foil is just as efficient as heavy sheets and 
is lighter. On a locomotive 13 pounds of such foil can replace 
1200 pounds of other insulating material. 

Reflecting mirrors for telescopes were formerly coated with silver but now 
they all probably will be coated with metallic aluminum which is a far better 
reflector of the invisible ultra-violet rays from stars. This is no help to the eye 
but photographic films can “see farther” into space with the aid of such reflec- 
tion. Such aluminum coatings (especially if underlaid by a coat of chromium) 
are hard enough to stand gentle polishing and resistant enough to require 
replacement but rarely — a great advantage over silver coatings. 

Pure Aluminum. Success in rolling thin layers of pure alumi- 
num on sheets of duralumin has added greatly to the usefulness 
of this strong alloy. 

Uses of Aluminum. Because it is light, strong, and not no- 
ticeably corroded in air, aluminum has many commercial uses. 
It is now used in large quantities to remove air bubbles from 
steel ingots at the moment of pouring. The light aluminum oxide 
formed floats to the top. Aluminum is much used for auto parts, 
the rigid structure of airships, and structural work of various 
kinds. The powdered metal is mixed with oil or a volatile liquid 
and used as a paint for radiators and other metallic articles. 
Aluminum paint is largely used as a covering for oil storage tanks 
in order to reflect much of the sun’s heat radiation and thus 
lessen the usual losses of volatile constituents such as gasoline. 

Since its salts are not poisonous the thin foil is used as a food 
wrapper. 

Molten aluminum, sprayed on common steel prevents forma- 
tion of black oxide, Fe*0 4 , when such steel is heated in air. The 
golden bronze containing 92 per cent copper and 8 per cent 
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aluminum is now much used for gears in auto trucks and for other 
purposes where toughness, and resistance to abrasion and cor- 
rosion are important. Some modern alloys of this type ha\e the 
advantages of strength approaching that of steel, great hardness, 
resistance to corrosion, beauty, susceptibility to high polish, and 
lightness. Finally, such bronzes can be cast readily while steel is 
cast with difficulty. In all probability the greatest future ot 
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Fig. 142. An aluminum coating is the best surface for the concave mirror of the 

reflecting telescope. 

aluminum lies in the direction of alloy making. Street cars and 
furniture are now being made from aluminum or its alloys. 
Architectural parts such as grills, roofing and window lr.unes, 
auto pistons, containers (even collapsible tubes) provide a large 
market for this metal. Aluminum plated with nickel or chromium 

is now in use. Why? 

Competition 

Processes to make: 


In competition with: 



aluminum 



Remellcd scrap 
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Duralumin, the greatest of all aluminum alloys, containing 
95.5 per cent aluminum, 3 per cent copper, 1 per cent manga- 
nese, and 0.5 per cent magnesium, is much used in airplane, 
airship, and auto construction. It has the strength of steel with 



II 


Fig, 143. Magnificent doors of cast aluminum in the Pittsburgh offices of the 

Aluminum Company of America. 
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about one-third of Us weight. Heat-treatment of aluminum 
alloys greatly improves them. A very recent alloy, 55, 
strongest in its class, contains about 90 per cent aluminum, some 
magnesium and zinc, and traces of a few other elements 

Gallium and Indium, belonging to the aluminum family, show 
some promise of future uses. Gallium melts at 30 . 

“In seventy-five years indium has evolved from a pair of spec- 
trum lines to a metal available in commercial quantities. It 
occurs as an impurity in zinc ores and production could be in- 
creased to two tons yearly at 40 cents an ounce. Its vapor in a 

vacuum tube can radiate red light. 

Can you suggest possible uses for this metal, soft enough to be eut with a 

knife, 1 * very mafleabL, me.ling in the flame of a match, I™ * ^ ^ 
unattached by air or water, alloying with silver, platinum, and certain 

■" For example, it is now added to certain dental alloys ,o i™ hardr^s 
toughness, and tarnish resistance. 

with the base beneath on heating and can later be pon 

Indium surfaced bearings and propeller blades are in use on plants. 

The rare-earth metals have little use except in the familiar 
pyrophoric mixture on a gas lighter. Their compounds are more 

important. 


TIN AND LEAD 


Tin (Sn) 
Pb (Pb) 


ATOMIC 

WEIGHT 

118.7 

207.21 


DENSITY 

g./inl. 

7.31 

11.337 


MEETING 

POINT 

231.83° 

327.5° 


V Al.ENCE 
NUMBER 

2 , 4 
2 , 4 


TIN 

Properties. Tin is a white metal melting at 231.85° and bot - 

ing at 2260°. Its density is 7.3 g./ml. 

Tin is most malleable at 100°, while at 200° .t .s so br.t le hat 
it can be ground to a powder. (What other metals become 

when heated?) , . ,• ,.r 

Tin is plated on thin sheets of iron or steel by mere d.pp n of 

the clean steel into melted tin or by electrop at.ng The shee t must 

first be pickled in acid to free it from all ox.des ol tron. I h< 
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modern ideal in tin plating is to secure as thin a coating of tin as 
possible, 1.25 per cent of the total weight, without holes or cracks. 
From such tinned sheets are made common tin cans, cups, pails, 
pans, and a hundred cheap and useful articles. The manufacture 
of 19,000,000,000 tin cans yearly in this country provides one of 
the large markets for steel. Our dependence upon tin was 
evident to all when this country was cut off from the East Indies. 

War shortages of tin forced the development of electroplating 
of a moving sheet of metal (steel) followed by a quick flash of 
electric induction heating to melt the tin so it would fill up all 
pinholes. For such tin plate only one-third as much tin is needed 
as was used by previous methods. 

Chemically, tin is not very active. It is affected neither by the 
moisture nor by the carbonic acid of air and does not readily 
tarnish. It is these properties that make it so useful. In acids the 
metal dissolves slowly. Dilute nitric acid converts it into stannous 
nitrate, Sn(N0 3 )2, without the evolution of hydrogen. Somewhat 
concentrated nitric acid converts tin into an insoluble oxide, 
SnO>. Dry chlorine attacks the metal much more readily than it 
does iron, so tin scrap may be treated with chlorine to obtain tin 
chloride. Hot concentrated sulfuric acid converts tin into stannic 
sulfate, Sn(SO.j) 2 . 

LEAD 

Properties. Lead is a heavy metal of specific gravity 11.337, 
soft, and easily cut with a knife. The metal melts at 327.5° and 
boils at 1620°. Just below its ordinary melting point (lowered by 
pressure) it can be squeezed into tubes. When freshly cut, its 
luster is bright, but the surface quickly tarnishes with formation 
of oxide and basic carbonate. This coating protects the metal 
from further oxidation, although it detracts sadly from the real 

bcautv of lead. 

# 

Chemically lead does not always seem as active as it is. For 
example, cold hydrochloric acid scarcely attacks it. Lead chlo- 
ride forms a protective coating over the lead. Hot acid dissolves 
this and permits the metal to be attacked. Lead sulfate, too, is 
insoluble and has a protecting action. But when above 80 per cent 
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in concentration, sulfuric acid dissolves lead sulfate and consumes 
the metal. Nitric acid dissolves lead with release of oxides of 
nitrogen rather than of hydrogen. Acetic acid slowly attacks lead 
in the air, due to the preliminary oxidation ol the metal and 
subsequent reaction of the oxide with the acid. This reaction is 
fundamental in the manufacture of white-lead paints. 

A very small intake of lead by man is usual, due to insecticides sprayed on 
fruits, traces in vegetables, lead oxide in the auto exhaust, food contact with 
certain enamels and, for a million workers, lead hazards in industry. The 
U. S. Public Health Service considers 0.36 part of lead in a million parts of 


water to be toxic. 


Lead 


Bearing metal 
Type metal 
Storage-battery plates 
Solders 

Expansion bolts attaching iron to stone 
Toys 

Electric fuses 
Collapsible tubes 
Lead pipe 
Sheet lead 
Cable covering 
Lead foil 

[ White lead 

| Red lead 

Paint Industry Orange mineral 

Chrome yellow 
Basic lead sulfates 
| White lead 

Glass, Pottery Industry Red lead 

Litharge 
I White lead 

Rubber Industry Basic lead sulfate 

Litharge 
J Red lead 

Match Industry ' Lca(1 pt . rox jde 

J Red lead 

Storage-Battery Industry j dtharge 

. Same compounds 


Rubber Industry 

Lead 

Compounds | Match Industry 


Linoleum Industry 


Textile Industry 

Medicine 

Insecticides 


as m 

Paint Industry 
, Lead nitrate 
; Lead acetate 
Litharge 
j Lead acetate 
j Lead arsenate 
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Solutions of lead salts are extremely poisonous, so that water 
conducted through lead pipes may produce lead poisoning. This 
is particularly true of soft water, which with air forms the some- 
what soluble Pb(OH) 2 . Hard water is much less dangerous be- 
cause it soon forms a coating of insoluble carbonate and sulfate 
on the lead. Therefore, a bright lead pipe is under suspicion. 
The worst feature of lead poisoning is that it is cumulative. 
Traces of lead may be taken into the body for years, and a 
fraction remains. 

Although lead is attacked by alkali, a very little sodium silicate 
in the alkaline solution protects lead pipes so exposed. 

Uses. Lead is the cheapest metal other than iron. Its resistance 
to the attack of moist air and of several acids makes it useful in 
lining vats or tanks. Sulfuric acid chambers are lined with it, 
water pipes are made of it (by forcing lead through holes under 
a pressure of 33 tons per square inch), and common shot are 
formed from it. Solder is an alloy of lead and tin; Babbitt (anti- 
friction bearing metal) is a lead alloy; type metal contains it; and 
some collapsible metal-tube containers for pastes are lead alloys. 
Storage batteries use antimony-lead plates and all lead paints 
begin with lead as raw material. 

A lead-sodium alloy is used in the manufacture of tetraethyl 
lead to be added to gasoline as an anti-knock agent. 

Tcrne plate for roofing is made by dipping clean steel sheets 
into a molten lead containing 10-20 per cent of tin. Without the 
tin, lead fails to coat steel dipped into it. 

The largest uses are for storage batteries, cable sheathing and 


the manufacture of tetraethyl lead. 




GROUPS VIA AND 

VI I A 





ATOMIC 

DENSITY 

MELTING 

VALENCE 


WEIGHT 

mg./ml. 

POINT 

NUMBER 

Chromium (Cr) 

52.81 

7.1 

1615 

2, 3, 6 

(VI I A) Manganese (Mn) 

54.93 

7.2 

1266 

2, 3, 4, 6, 7 

Molybdenum (Mo) 

95.95 

10.2 

2620° 

2, 3, 4, 5, 6 

Tungsten (W) 

183.92 

19.3 

3370° 

2, 3, 4, 5, 6 

Uranium (U) 

238.07 

18.7 

1400° 

3, 4, 5, 6 
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Chromium and Manganese 
CHROMIUM 

It is difficult to overstate the importance of chromium among 
the metals. Alone it is of no great importance but in various alloys 
it is a key metal. Chromium in alloy steels increases hardness and 
strength without sacrificing toughness or ductility. 

Chromium is a brilliant, silvery metal, hard and brittle, melt- 
ing at 1615° and showing a density of 7.1 g./ml. The powdered 
metal burns in oxygen with formation of the trioxide, Cr-jCb. 
With chlorine it forms the chloride, as it does with hydrochloric 
acid. In fact, it is easily attacked by cold concentrated or hot 
dilute hydrochloric and sulfuric acids. Yet nitric acid docs not 

affect the metal. 

Chromium is now attracting the attention of many manufac- 
turers. The value of chromium as a metal in its own right lies in 
(1) its great hardness and hence its suitability for printing-plates, 
dies, gauges, cams, and gears, (2) its high luster and resistance to 
tarnish, which render it useful for exposed reflectors, and (3) its 
resistance to atmospheric corrosion. These properties led the way 
to chromium plating (usually over nickel plating) on automobile 
radiator shells, bumper bars, plumbing fixtures, petroleum pres- 
sure cracking stills, and other objects. 

Chromium fails to tarnish in air because of a thin film of pro- 
tective oxide which, however, readily dissolves in concentrated 

hydrochloric acid. 


MANGANESE 

Manganese is a reddish-gray metal melting at 1266°. It boils 
at 1900° but it may be distilled in a high vacuum at a much 
lower temperature. It has a density of 7.2 g. ml. It is very brittle 
and hard enough to scratch glass. In the air it is not tarnished, 
but acids as weak as acetic attack it. Its use in alloy steels is 

important. 
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Vanadium, Molybdenum, Tungsten, and Uranium 

The very great importance of vanadium, molybdenum, and 
tungsten as alloying elements in special steels is discussed on 
pages 566 and 567. 

VANADIUM 

The element is silvery white, very hard, and rather brittle. It 
melts at 1710° and has a density of 5.96 g./ml. 

MOLYBDENUM 

The free element, as prepared by the aluminothermic process, 
is silvery white, melts at 2620°, and has a density of 10.2 g./ml. 
Ferro-molybdenum is the form in which this element is added 
to steel. 

Molybdenum is indispensable in vacuum tubes and in all elec- 
trical equipment where high conductivity and great strength and 
rigidity at high temperatures are needed. 

TUNGSTEN 

Tungsten has the highest melting point of all the metals, 3370°. 
Only carbon has a high melting point, but carbon at high tem- 
peratures has a greater vapor pressure than tungsten. Tungsten 
is steel-gray, very hard, and very heavy, with a density of 
19.3 g./ml. The metal is obtained as a powder, on reduction of 
the oxide, and is worked into strong filaments or rods. Tungsten- 
steel cutting tools can operate at high temperatures without 
losing hardness. 

Tungsten carbide (W 2 C), with some cobalt, was developed in 1928 as the 
hardest cutting-tool material yet manufactured (“ carboloy ”)• 

Tungsten lamp filaments are saving the people of this country 
nearly three billion dollars each year. The old carbon filaments 
used 3.25 watts per candle power, while the modern tungsten 
lamp uses less than 1.25 watts for the same illumination. We use 
more than 900,000,000 of these lamps annually. 
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URANIUM 

Uranium is a white metal, melting at about 1400°. Its density 
of 18.7 g./ml. ranks it as one of the heaviest elements. It slowly 
oxidizes in the air and dissolves in the common acids. 


IRON, COBALT, AND NICKEL 


ATOMIC DENSITY 

WEIGHT g./ml. 

Iron (Fe) 55.84 7.86 

Cobalt (Co) 58.94 8.9 

Nickel (Ni) 58.69 8.9 


MELTING 

POINT 

1535° 

1480° 

1452° 


VALENCE 

NUMBER 

2, 3 

2, 3, (4) 
2, 3, (4) 


IRON 

Properties of Pure Iron. A single outstanding property of iron 
— magnetism — made possible the dynamo, motor, compass, 
telegraph, telephone, and other invaluable servants ot mankind. 
The pure element has a density of 7.86 g./ml. and is very ductile 
and malleable. It melts at about 1535°. It is not hardened by 
sudden cooling like steel. Chemically it is rather active, rapidly 
displacing hydrogen from acids. It rusts slowly in water and air. 
displacing hydrogen. Weak acids, even carbonic, hasten tins 
greatly. Consequently bases inhibit rusting. In moist air the 
metal rusts rapidly with formation of 2 Fe>0 3 -3 H,Q as a loose, 

soft scale. . . 

The chemistry of rusting in air containing moisture and carbon 

dioxide is explained below: 

Fc + 2 H - 2 CO 3 — > Fc ++ + 2 HCO., 4- Hj 

4 Fe+ + + 8 HCOr + 0 2 + 7 H,0 -> 

2 Fc,0 3 -3 1 1,0 + 8 H 2 COa 

The clement iron crystallizes in the body-centered lattice at 
room temperature and has a face-centered cubic allotropic modi- 
fication above 900° C. Alpha iron (ferrite) is the chief component 
of wrought iron. It is soft, ductile, and magnetic. Camma non, 
stable only above 910°, is denser and only slightly magnetic. I ure 
iron, because of its quick magnetic change, is used for the arma- 
tures of dynamos. 
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Crude iron (pig or cast iron) is hard and brittle because of car- 
bon and other impurities. It is discussed under “Metals” on 
pages 505 and 506. 

COBALT 

Properties. The metal is hard and white like iron, yet it is 
also malleable and ductile. It melts at 1480° and has a density of 
8.9 g./ml. It displaces hydrogen slowly from ordinary dilute 
acids, but is readily attacked by nitric acid. It forms remarkable 
acid-resisting alloys with some metals, and one new alloy is used 
for exhaust valves of planes. Cobalt is used as a binder in carbide 
tools. 

NICKEL 

Properties. Nickel is a white, magnetic metal resembling iron. 
It melts at 1452° and has a density of 8.9 g./ml. It is hard, mal- 
leable, takes a high polish, and does not tarnish readily in the air. 

Although this metal has extensive use as a protective coating 
electroplated on steel, its greatest service is in “stainless steel” 
and other alloys. (See page 567.) 

An alloy (“permalloy”) of 80 per cent nickel and 20 per cent iron with traces 
of other metals shows extraordinary magnetic permeability after receiving a 
special heat-treatment. Its initial permeability is more than thirty times that of 
soft iron; consequently it is now used for submarine cables, permitting four 
times the former speed of cabling. The copper cable is wrapped spirally with 
a narrow tape of permalloy with gutta percha outside. “Alnico” is an alloy of 
Ni-Al-Co-Fc which can be given permanent magnetism sufficient to lift sixty 
times its weight of iron. 


THE PLATINUM METALS 



ATOMIC 

DENSITY 

MELTING 

OXIDES 


WEIGHT 

g./ml. 

POINT 


Ruthenium 

101.7 

12.3 

2450° 

RuO, R.U 2 O 3 , Ru0 2 , RuO. 

Rhodium 

102.9 

12.5 

1955° 

RhO, RhiOj, RhO z 

I Palladium 

106.7 

12 . 

1555° 

PdO, PdO z 

Osmium 

190.2 

22.5 

2700° 

OsO, OS 2 O 3 , Os0 2 , OsO* 

•J Iridium 

193.1 

22.41 

2350° 

I^Os, Ir0 2 

[Platinum 

195.23 

21.45 

1755° 

PtO, Pt0 2 
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The platinum metals are rare and are found usually as the free 
elements. Canada now leads in production, with Colombia, 
South Africa, the United States, and Russia also producing. 
World tonnage of platinum is 600,000 ounces, half of it from 

Canada. _ 

The nobility of these metals decreases in the order, Ir > Ru > 

Rh > Pt > Os > Pd. The first three resist boiling aqua regia. 

Platinum will resist any single mineral acid. 

Complex chloro-acids of the type H 2 PdCl 4 , etc., are known lor 

all these metals. 


PLATINUM 

It is unfortunate that this clement is so rare, for it is most useful. 
It has been worth more than five times as much as gold, but now 
is on a par with gold. Its high melting point, 1755 , its resistance 
to chemical corrosion, and its remarkable powers as a catalyst 
make it almost indispensable. In the laboratory it is used in the 
form of crucibles, wire, and sheet. Certain precautions must be 
taken in its use, as it is attacked by chlorine and aqua regia as 
well as by fused alkalies. It also alloys with a number of easily 
reducible metals. When hot it is permeable to hydrogen, so that 
easily reduced compounds of certain metals should not be heated 

in platinum dishes over a gas flame. . „ 

Platinum has been the best metal for electric wire lead-ms 

through glass because of its coefficient of expansion am its 
adhesion to glass. Now a cheaper tube of copper (filled with a 
nickel-iron alloy of lower coefficient of expansion than g ass) has 
been developed. Copper is wetted better by molten glass and 

adheres better than any other metal. It is easy to we P 
at a red heat and in general it may be classed as i at icr ma ca r c 
and ductile. It also conducts electricity moderately well although 
a Pt-Ir alloy is better. Platinum is attacked by aqua regia with 

the formation of H 2 PtCL. _ , . 

When ammonium chloroplatinatc, (NH,)-.I tCl c , is igm e , 
finely divided form of the metal called platinum sponge is secured.. 
Asbestos soaked in chloroplatinic acid and healed yields tie 
metal in fine particles scattered through the asbestos. Such louns 
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of platinum are used as catalysts in various industries, notably in 
the contact process of making sulfuric acid. The Ostwald process 
for oxidizing ammonia to nitric acid uses platinum gauze, cov- 
ered with reduced platinum in a spongy form, or alloyed with 
rhodium. 

Tantalum, rarer than gold and chemically resistant, is finding many new 
uses. Its melting point is exceeded only by that of tungsten. It is attacked only 
by hydrofluoric and hot, concentrated sulfuric acids. It is already used in 
spinnerets, electronic tubes, and as a catalyst. Its carbide is extraordinarily 
hard, and its alloy with tungsten is hard enough to be used for fountain pen tips. 

Plates of tantalum (strong and malleable) are excellent for the repair of 
skull injuries, and its wire form has been used in suturing nerves. This element 
is discussed here only because it competes with platinum. Tantalum melts at 
2856° and has a density of 16.6 g./ml. 

PALLADIUM 

Palladium is associated with platinum in the natural alloys and 
resembles it in appearance and some properties. Yet it is more 
like silver in that nitric acid dissolves it; then, too, it is softer, 
lighter, and melts more easily than platinum. Palladium’s most 
interesting property is its ability, when finely divided, to absorb 
800 volumes of hydrogen — 900 volumes if a strip of the metal is 
made the cathode of an electrolytic cell. Palladium possesses such 
great resistance to the attack of oxygen, moisture, and hydrogen 
sulfide that it is sometimes used for the inner mechanism of 
watches, for fine balance beams, surgical instruments, and special 
apparatus. It is used in soldering platinum, as a catalyst and, 
alloyed with ruthenium, in jewelry. Only palladium in this group 
is attacked by nitric acid. The metal is hardened by five per cent 
of ruthenium. 

RHODIUM 

Rhodium is not attacked by aqua regia or any acid, but reacts 
with chlorine. A 0.0001 -mm. layer of rhodium protects silver 
from tarnish — and it can be plated on. There are two chlorides, 
RfiClo and RhCh. Three oxides are known: RhO, 'RI12O3, and 
RhOo. Rhodium is harder than platinum. A little rhodium al- 
loyed with platinum improves that metal as a catalyst for the 
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oxidation of ammonia. Plated on jewelry this blue-white metal 
is hard and corrosion-resistant. 

Upon fusion with KHS0 4 rhodium is converted into the solu- 
ble sulfate. Platinum-rhodium spinnerets arc used in spinning 
viscose rayon. 

IRIDIUM 

This element resembles rhodium in its resistance to aqua regia. 
Since it is very hard and not oxidized at high temperatures it is 
useful for some apparatus and in the preparation of iridium- 
osmium alloy tips for fountain pens. Although iridium sells at 
about $55 per ounce, we import 4000 ounces annually. 

There is an increasing use by jewelers of iridium as a hardening 
agent for platinum. 

OSMIUM 

Osmium is remarkable in having the greatest density, 22.5 
g./ml., of any substance known. It is gray like iron, but, unlike 
that metal, resists the attack of aqua regia. However, it unites 
easily with oxygen when heated, forming the poisonous tetroxidc, 
0s0 4 , wrongly called “osmic acid.'' 

CRUDE NATURAL PLATINUM 


Pt 

79.5% 

Os 

0.3% 

Ir 

6.2% 

Ru 

0.008% 

Pd 

2.6% 

Au 

0.6% 

Rh 

0.6% 

Cu. Fe 

1 0. 1 2% 


Exercises 

1. Compare the metallurgy of copper and iron. 

2. Why not secure metallic aluminum and magnesium by electrolysis of 
aqueous solutions of their salts/ 

3. Advantages of the aluminothennic method of preparing certain metals? 

4. Importance of the new electrolytic method of preparing manganese from 
low-grade ores? 

5. Name one good ore of each metal. 

6. The heat of combustion of calcium is greater (per gram equivalent) than 
the heat of combustion of aluminum. Could you reduce CaO to metallic 
calcium by the thermit process? 
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7. Classify the following metals in four groups as to cost: Cheap, moderately 
priced, rather expensive, costly. 

Iron, copper, lead, radium, tin, silver, aluminum, magnesium, sodium, 
mercury, tungsten, vanadium, molybdenum, beryllium, manganese, 
chromium, cesium. 

8. Suppose you wished to extract the metal from a metallic oxide with a heat 
of formation of 2500 calorics. Would you decompose it by heat, reduce 
with hot hydrogen, or electrolyze its solution in some melted salts (as Hall 
did with aluminum oxide)? 

9. What properties make chromium useful in plating steel or copper? 

10. Give a few illustrations of the competition between metals in industry. 
For example, how does aluminum compete with steel? With copper? 

11. What metals count in military power? 

12. What arc the uses of metallic calcium? 

13. Why is molybdenum important? 

14. For what uses are ductile metals valuable? Extremely hard metals (or 
alloys) ? 

15. Chart the air and acid resistance of fifteen different metals. 

16. What is the influence of carborundum, tungsten, and molybdenum on 
machine-shop work? 

17. Plot density of metals (Appendix) against atomic numbers. Do you sec 
any relation of a periodic type? 

18. Beryllium-alloy tools arc non-sparking. Of what importance is this? 

19. What metals are useful in the electrical industry? Why? 

20. Why is a platinum-iridium alloy used for the tips of fountain pens? 

21. How recover aluminum from scrap containing steel? 

22. VVhat are the surgical uses of tantalum? 
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ALLOYS. STEEL 


Alloys were invented in attempts to improve upon the properties 
of the metals. In ancient times copper and zinc were alloyed to 
form brass, and copper was alloyed with tin to form bronze. 
Alloys have multiplied greatly in number, but it is only recently 
that their preparation and study have become genuinely scienti- 
fic. Here is a field of dazzling promise, only partly explored as yet. 
Over 9000 alloys are listed in a recent book. 

Metals of nearly the same atomic radius usually dissolve in 
each other when melted together, to form a solid solution when 
cold. 



Fig. 144. Melting-point curves of varying mixtures of lead and antimony. 

Eutectic Alloys. Lead melts at 327.5° C., but when antimony 
is dissolved in the molten metal the freezing point of the lead is 
lowered, just as the freezing point of water is lowered by dissolved 
substances. Antimony melts at 630.5° C. and the addition of lead 
to melted antimony also lowers its freezing point. If a curve is 
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drawn showing the temperature where the lead just commences 
to solidify (or the temperature of its complete melting) as anti- 
mony is added, and if from the other side of the diagram a similar 
curve is drawn showing the lowering of the freezing temperature 
of the antimony as lead is added, these two curves will meet in a 
point, and the temperature and the composition represented by 
this point on the diagram will indicate the melting point and 
percentage composition of the lowest-melting alloy of the scries. 

This lowest-melting alloy represented by the point E has a 
definite melting point (248° C.) and a definite composition 
(87.5 per cent lead) and is called the eutectic of the series. 

Mixtures of melted salts show the eutectic phenomenon. For 
example lithium chloride melts at about 600° C. and potassium 
chloride at 800° C. but their eutectic mixture melts at approxi- 
mately 350° C. With other proportions of the salts the melting 

point is higher than 350° G. 

A eutectic mixture of 88 per cent gold and 12 per cent ger- 
manium melts at 356° although the elements separately melt at 
1063° and 989°. This alloy is harder than gold, and expands 


slightly on cooling. 

Types of Alloys. Alloys arc of at least lour main types: 

1. A solid solution of one metal in another, or in several others 

2. A definite chemical compound of two or more metals 

3. A mixture of such a compound with an excess oi either con- 
stituent — this means particles of the compound are in a matrix 

of the rest of the material 

4. A mixture of a solid solution with an excess oi either con- 
stituent 

In some bearing metals hard inlennetallic compounds such as 
Cu 3 Sn arc dispersed in a softer eutectic such as Cu-Sb Sn. 

Alloys are usually made by melting the constituents together, 
although they can be made in other ways. On cooling, solid par- 
ticles of one type may separate from the uniform molten mixture. 
When a polished surface of such an alloy is etched by a suitable 
chemical and examined under the microscope, the shape and 
arrangement of these crystals or aggregates are clearly seen and 
may be photographed. Such a study is called “metallography. 
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Microscopic examination shows that metals and alloys are 
rather complex in structure, that they are built up of aggregates 
of crystalline grains. The strength and other physical properties 
of alloys depend to a marked extent on the size and arrange- 
ment of these grains. 

Intermetallic compounds do not conform to ordinary valence 
expectations. For example, HgoNa, BiTe, AuSn, and AuMg 3 are 
not reconcilable with the valences of the elements, yet com- 
pounds with these formulas are very stable. X-ray study shows 

that Cu 5 Zn 8 is right and Cu>Zn 3 wrong. 

Intermetallic compounds form most readily between atoms 
which have but one or two outermost electrons and atoms with 
five or six in the outermost level. Such compounds are hard and 
brittle and conduct heat and electricity poorly. 

If a inctal and a non-metal yield a product with metallic 

properties it is called an alloy. 



Fig. 145. Beryllium (2%)-coppcr alloy on the left annealed from 800° C. Coarse 
structure causing surface roughness in deep-drawn wire. On the right the same 
alloy to which was added 0.25 nickel. After annealing from 800° the structure be- 
comes much finer. Magnification 75X. (Courtesy American Brass Co.) 


SPECIAL ALLOYS 

Bearing Metals. The bearing metals which surround revolv- 
ing shafts are interesting examples of the dispersion of harder solid 
particles in the softer matrix. These “babbitts," as they are often 
called, are alloys of tin and antimony, with some copper. 


HIGH-MELTING ALLOYS 559 

High-speed, high-compression automotive motors make severe 
demands upon bearing metals. Cadmium-nickel alloys contain- 
ing from 0.75 to 3.00 per cent nickel have recently come into use 

in this field. , . .. 

Today high-speed bearings may be lined with cadm.um-s.lver- 

copper, cadmium-zinc, or cadmium-nickcl, and possibly may be 

electroplated with indium to increase resistance to oil corro- 

Corrosion-Resistant Alloys. It is vitally important to find 
alloys or metals sufficiently corrosion-resistant for use in chem.ca 
industry. Monel metal (Cu-Ni) and the 18-8 chrome-nickel 
stainless steels of low carbon content are much used for this pur- 
pose. Some metals resist certain acids and are attacked by others. 

Manganese-bronze propeller blades for s.eamsh.ps contain 
Mn-Cu-Sn-Zn, an alloy resistant to salt-water corrosion. 

Stellite, a Co-Cr alloy of great hardness, is so non-con edible 

that it is used in surgical instruments. 

Low-Melting Alloys. The low-melting alloys, such as \\ood 
metal or Rose’s metal, have an important application. 1 he au- 
tomatic sprinklers dotting the ceilings of great department stoi < s 
or factories are merely water pipes closed by a plug of such an 
alloy. When a fire starts, these plugs melt very soon and release 
a sprav of water. Wood’s metal melts at 70“. Solder is another 
low-melting alloy of value. Each metal in the solid solution lowers 
the melting point or freezing point of the others, hence the ma- 
ture melts at a lower temperature than the constituents^ 1 Ins is 
the same effect as that produced with water by the addition of 

Scl 1 1 

Plumbers’ solder (62 percent lead and 38 percent tin, is useful 
because before the eutectic temperature is reached as the solder 
cools a large mass of lead-rich crystals separates forming a 
mushy mass that can be “wiped ” on a pipe jornt. It begins 
solidify at 240“ bu, is not entirely solid until 180 is reached. 

High-Melting Alloys. A gas turbine ol 10,000 h p. vasible 
-when alloys are prepared to stand the extraordinarily high 
temperature of operation. At present an alloy steel containing 
cobalt, chromium and tungsten is used. 
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Very Hard Alloys. Cast iron (not pure iron) and the bronzes 
are very hard. Many of the best bronze castings contain 10 per 
cent tin, 2 per cent zinc, and 88 per cent copper. The tin limit is 
33 per cent, forming a very hard, brittle bronze which takes such 
a high polish that for centuries it was used for mirrors. 

Copper is a soft metal and yet its alloy with a very little silver 
and chromium, “cupaloy,” is harder than ordinary steel. Special 
heat-treatments are necessary in developing this great hardness 
although copper alone cannot be tempered. 

Lead containing several per cent of calcium is too hard to be 
cut with a hack saw. 

High-manganese steels make excellent jaws for rock crushers. 

Very Strong Alloys. The alloy steels lead this list with tensile 
strengths ranging from 40,000 to 500,000 pounds per square inch 
cross section. Only two per cent beryllium in nickel gives it 
the tensile strength of steel. Beryllium is to copper what carbon 
is to iron: a powerful agent in increasing hardness, elasticity, and 
strength. A new Mg-Li alloy possesses high strength and good 
ductility. 

Vibration-Resistant Alloys. Be-Ni valve springs are almost 
necessary for the highcst-speed airplanes because of the vibra- 
tion. A steel spring may break after flexing two million times, but 
a Bc-Ni (or Bc-Cu) spring will stand flexing twenty billion times. 
Titanium reduces “fatigue’' in steel and is itself highly vibration 
resistant. 

Vanadium steel must be used for auto axles because of the 
excessive jarring. Common steels may break under difficult road 
conditions. 

Amalgams. An alloy of mercury with other metals, usually 
powdered, is called an amalgam, as the Ag-Hg used for filling 
teeth. 

By electrolysis of a solution of ammonium chloride in absolute 
methyl alcohol (not water) McCoy obtained a product at the 
mercury cathode quite different from ordinary ammonium 
amalgam. It was a crystalline solid with metallic lustre and the 
appearance of pure zinc. It remained unchanged for days, at low 
temperatures. When this solid was added to water solutions of 
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salts of copper and zinc these metals were precipitated at once. 

With pure water it forms colloidal mercury and 

Hence the amalgam probably contained a free complex radical. 


COMPOSITION AND USES OF ALLOYS 


NAME 

Aluminum bronze 

Babbitt 

Brass 

Brass, naval 
Bronze 

Bronze (aluminum) 
Chromel 

Dowmetal E. 

Duralumin 
Fusible (Wood’s) 

German Silver 

Magnalium 

Manganese bronze 

Monel metal 

Nichroinc 


I»ER CENT 
COMPOSITION 

(A1 7.15 Cu 90.85 
\Si 2.00 
(Sn 90 
{Sb 7 
\Cu 3 
(Cu 73-66 
\Zn 27-34 
Cu 70 
Zn 29 
Sn 1 

Cu 88 Sn 8 
Zn 2 Pb 2 
Cu 90 A1 10 
Ni 60 Cr 40 

(Mg 93.7 
\ A1 6.0 
\Mn 0.3 
fAI 94.5 Cu 4.0 
) Mn 1.0 Mg 0.5 
jBi 38 Pb 31 
(Sn 15 Cd 16 
Ni 18-25 
Zn 20-30 
Cu (remainder) 
fAI 90-94 
I Mg 10-6 
I Cu 56 Zn 41 
• Sn 0.5 Fc 1.0 
i M n 0.5 A1 1 .0 
(Ni 60 
Cu 33 
I Fc . Mn (?) 

(Ni 75 
) Fe 1 2 
(Cr 11 
! M n 2 
Sn 85-90 
I Pb 15-10 


USES 

Ornamental 

Bearings 

Sheets, tubes, cartridges, etc. 

Marine condenser tubes 

Strong valves and fittings 

Hard, non-corrodible, ornamental 
Resistance wire for electric heating 
(patented) 

As a light, hard alloy 

Airplane and auto parts 
Automatic sprinklers, fuse plugs 

Table ware, cheap jewelry 

Scientific instruments. Balance 
beams 

Propeller blades, non-corrodible 
and with great wearing qualities 

Almost non-corrodible. Propeller 
blades, wire, sheets, etc. 

Electric resistance wire for heaters 

Platters, bowls, cups, etc. Little 
used at present 


Pewter 
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COMPOSITION AND USES OF ALLOYS ( Continued ) 


NAME 
Solder (soft) 

Solder (low tin) 
Solder (“Silma”) 
Steel (low carbon) 

Steel (leaded) 

Steel (medium 
carbon) 

Steel (high carbon) 

Steel (stainless 316) 

Stellite 
Sterling silver 
Type metal 


PER CENT 
COMPOSITION 

Pb 62 Sn 38 
j Sn 20 Pb 79 
\Agl 
Ag 85 
Mn 15 
1C 0.5-0.25 
(Fe (remainder) 
1 part Pb 
500 parts steel 
C 0.4-0. 8 

C 1.2-1 .5 


Cr 17 
Ni 12 
1 No 3 
[Fc and C 
Co 80-50 
Cr 20-50 
W? 

fAg 92.5 
\Cu 7.5 
Pb 60-85 
Sb 8-20 
•Sn 5-35 


USES 

Plumbers’ solder 

To save tin in emergencies 

Solder for welding steel for high 
temperature operation 

Boiler plate, rivets, sheet, structural 
work, bridges, shafting 

Faster machining 

General 

Cutlery, rails, wood-working tools, 
drills, castings. Saws, files, razors, 
ball bearings 

For corrosion-resistance and 
strength 

Non-corrodiblc. Used in high- 
speed tools, cutlery, surgical in- 
struments 


Printers' type 


STEEL 


Cast iron and steel arc alloys of Fe with C, Mn, etc., and may 
well be included here. However, cast iron is placed with the 
metals (see page 505). 

Impurities are usually things to be got rid of, but in the case of 
iron this idea has to be modified. Pure iron is so soft that it is far 
surpassed in useful properties by iron containing from 0.1 to 1.0 
per cent of carbon, a product known as steel. For example, steel 
is hard, strong, elastic, and can be permanently magnetized. Of 
late years, we have gone even so far as to add manganese, chro- 
mium, nickel, vanadium, tungsten, and other elements, so that 
some alloy steels contain four or five elements. But hydrogen is 
not desired for 0.002 per cent makes steel brittle. 
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THE BESSEMER PROCESS 

The Bessemer Process. William Kelly, an American, proved 
in 1852 that the impurities in melted pig iron could be burned 
out by a blast of air. It was three years later that Bessemer the 
Englishman, discovered and patented the same process. This 
invention enormously increased the world’s steel product, on and 
thus made possible the great era of railroad building that marked 
the latter half of the past century. Before 1864 ratls were iron. 
Steel is twice as strong and wears five times longer. 



Ready to Blow Air through the Blowing 


Perforated Bottom 


7 to 15 Minutes 


Pouring the Stool 

1100° to 1000" C. 


The Bessemer converter for iron is a huge steel egg lined with 
dolomite or siliceous rock, as desired. In a false bottom are many 
small holes. Below is the wind box into which a,r is forced Id rough 
a hollow trunnion. The whole converter can be lilted to any 
angle. Molten iron is poured in while the converter is nearly 
horizontal air is turned on, and the converter raised. Air bub 
bling up from the small holes at 20 to 30 pounds pressure oxidize, 
the carbon, silicon, sulfur, phosphorus, and manganese h so 
much evolution of heat that the iron becomes even more fluich A 
dazzling flame and showers of sparks present a magn ficent 
spectacle. After 15 minutes of blowing to oxidize the impunties, 
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the converter is tilted to pour its contents, 25-50 tons, into a ladle, 
from which it is poured into a series of ingot molds. At the mo- 
ment of pouring, the desired amount of carbon (as high-carbon 
alloys), together with manganese or other elements, is added to 
the ladle. Since there is much air trapped in pouring, there is 
danger of weak places in steel rails where such bubbles are found. 
It is customary to add deoxidizers, which unite with oxygen to 
form a light slag which floats to the top. Manganese-iron as 
spiegeleisen has long been used for this purpose, but aluminum 
shot has become popular with the steel maker, as has silicon or 
rather ferrosilicon. Sometimes the deoxidizer is added just as the 
metal is poured. About 12 pounds of manganese per ton de- 
oxidizes and also removes sulfur (as MnS dissolved in the slag). 
Recently sodium carbonate has been added to aid in sulfur 
removal. 

By a new development in deoxidation of molten steel a metal 
carrying four per cent carbon is added as the steel is poured from 
the Bessemer. At the 1600° temperature carbon is a more effec- 
tive deoxidizer than silicon or manganese. 

At each “blow” 25 tons or more of steel are made, so the proc- 
ess is rapid, too rapid for the highest quality. Iron containing 
much phosphorus must be blown in a converter lined with 
dolomite or some other basic material. The phosphorus pentoxide 
formed reacts with this lining to form calcium and magnesium 
phosphates. In the United States the converters are usually 
“acid-lined,” that is, faced with siliceous rock, since the ores 
usually contain very little phosphorus. Open-hearth steel, be- 
cause of its superior quality, now is produced in greatest tonnage. 

The Open-Hearth Process. The open-hearth converter is a 
furnace with a wide, saucer-shaped hearth and a low roof (Fig. 
147), about 40 X 15 feet; and the charge is 2 feet in depth. The 
floor lining is a basic mixture of magnesium carbonate, magne- 
tite (Fc a 0 4 ), and slag. The charge may be 150 tons. 

A charge of pig iron and rusty scrap is added with limestone 
sufficient to flux off the impurities. The fuel is producer gas or 
an oil spray burning above the charge. The air and gas are both 
preheated by passing through a checkerwork of fire brick. The 
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hot gaseous products of combustion pass off through another 
fire-brick chamber. By frequently reversing the direct, on of the 
gases great economy of heating is secured. Tins is the Siemens 
regenerative process. About 50 tons of steel, or more, are pro- 
duced every eight hours. The process somewhat resembles the 
puddling process in that the oxygen needed is derived from iron 



Fig. 147. Open-hearth furnace. 


ore and rusty scrap. The necessary carbon, manganic, etc are 
added at the moment of pouring. Such steel carries fee, 

sions of FeO and gas than Bessemer steel. *H> ncr cent 

Experiments in 1948 indicated that use of jets o. X) pc 

oxygen in the open-hearth may be profitable. 


Exercise 

_ . .... 1,1 iron or hieh -carbon steel. 

1. Which metal is better for fire bars uro - 

The United States in one -*• 

hah of the world's .ng imn and o sU 1 ^ ^ 

A large amount of steel is wo. x t ,., u ,,[ the 

more steel than pig iron is produced. About .. I 
total steel in this country is open-1, earth, 6.5 pe. trn, ***"«'. 
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and 2.0 per cent electric furnace. Electric heating in steel proc- 
esses has certain advantages over coke heating for special 
products, notably for some of the alloys. 

Electric -furnace steel is so free from gas or oxide inclusions and 
from the worst impurities of all, sulfur and phosphorus, that it is 
very tough and dependable, and therefore good for auto engines, 
axles, and wheels. 



Fig. 148. Electric furnace. 


SPECIAL ALLOY STEELS 

We could not make autos for less than four times their present 
cost were it not for the modern development of alloy steels. 
Crankshafts, driving shafts, transmission shafts, axles, frames, and 
gears are stronger, tougher, lighter, and stand shocks and strains 
better because they are made of alloy steel. 

Manganese Steel (12 or 14 per cent Mn) if suddenly cooled 
from the molten state is harder and tougher than any other steel 
alloy. It is used in the manufacture of grinding machinery, rock 
crushers, and burglar-proof safes. With a little added molyb- 
denum it is suitable for heavy-duty gears. 

Tungsten Steel (such as 18 per cent W, 4 per cent Cr, and 1 
per cent V) is self-hardening; that is, a tool of this material 
hardens on cooling in air without being quenched in oil or water. 
It also holds its temper when the tool is worked until red-hot 
from friction. Before the invention of this steel the speed of lathe 
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work was seriously retarded by loss of temper in the cutting tools. 
Now the use of tungsten steel has multiplied several antes the 
output capacity of the machine shops of the world. 

Molybdenum Steels. Molybdenum (very fortunately pro- 
duced chiefly in our own country) is replacing part of the tung- 
sten in high-speed tools. To other alloys this element adds 

toughness, wear resistance, and fatigue resistance. 

Molybdenum also forces an even distribution of graphite in 

gray cast iron. _ , , t rv \ 

Vanadium Steel (0.1 to 0.2 per cent V and 1 per cent Cr). 

When steel is desired to stand the heaviest shocks and vibrations, 
nothing is quite so effective as a vanadium steel Axles, cranks 
frames and piston-rods are made of this alloy. Vanad.um-.teel 
rods can be twisted and bent double when cold. 

In chrome-vanadium steel the chromium content ranges from 
2 to 10 per cent. It is used in auto springs, axles, steering gear etc. 

Chrome Steel (2 to 4 per cent Cr). Chromium makes steel ex- 
tremely hard. Cutting tools of special hardness, and armor plate 

arc made of this alloy. . . • 

Nickel Steel (3.5 per cent Ni). This steel resists corr on 

hard, elastic, and very suitable for armor plate, wire cables, and 

propeller blades. The auto industry ,s a leading user. 

Nitrided Steel. Hot steel “cracks” ammonia gas and prcflral h 

forms a nitride of iron on the surface. At any rate he I a xt 

steel surface known is obtained by heating steel 21 h ° urS ° “ 
a, 625° C. in a stream of ammonia gas. All n.tnded steels c on . 

molybdenum, to secure greater depth of n.lr, danon. Hot ste< 

also surface-hardened by contact with ca. bon. , 

Stainless Steel (18 chromium-8 nickel) is, when P Wished, 

highly resistant to corrosion. It is much usec on 
office buildings, for certain chemical equipment >n » du>t, _y, ami 
for table knives. The corrosion resistance - increased by ^ the add, 
.ion of from 1 to 3 per cent molybdenum. I hese steels cost sevc, al 

times as much as common steel. 

Sheet steel for the automobile industry is now made at lmv cost (and in 80- 
inch width) in continuous mills half a mile long. Such a mill costs S-0,000,000 


or more. 
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The Heat-Treatment of Steel. The two most important 
modifications of iron are alpha-iron (like the pure iron of wrought 
iron), which is soft, ductile, and magnetic, (stable below 900°); 
and gamma-iron, stable above 900° C. The latter is denser and 
only slightly magnetic. 

The alpha-iron crystal lattice is the body-centered cube type 
with iron atoms at every corner and one in the center, while 



Fig. 149. Photomicrograph of a cold-drawn 
steel wire. 0.1 per cent carbon. Magnifica- 
tion, 250. The white areas of pure iron 
l ferrite) are surrounded by dark areas of 
pcarlite containing the iron carbide, Fc a C, 
and iron, t Courtesy H. B. Pulsifcr.) 

Manganese and nickel help to kc 


gamma-iron has a face-cen- 
tered cubic lattice with iron 
atoms at the corners and at 
the center of each face. Al- 
pha-iron is often called ferrite. 

Sudden cooling of white- 
hot steel gives a supersatu- 
rated solution of carbon as 
Fe 3 C in alpha -iron ( marten- 
site ), hard and brittle. Slow 
cooling gives time for thin 
plates of cemcntite , FeaC, to 
form, alternating with alpha- 
iron masses, the two together 
forming pearlite. Because of 
the large amount of alpha- 
iron this steel is soft and 
ductile. 

ep the carbon in solid solution 


( austenite) . 

Annealing, by reheating a quenched steel to 200°-350° C., 
allows some crystal growth, some separation of hard cemcntite, 
Fc :t (!, and some release from strains. Any intermediate degree of 
hardness may be secured by tempering. 

Austenite is a solid solution of Fe.<C in gamma iron but on slow 
cooling it changes into Fe. ( C and ferrite. The original austenitic 
condition is partly preserved by sudden cooling, resulting in a 
very hard product. 


If steel is lulled above 900° C. (austenite state, dissolving up to 1.7 per cent 
carbon a- -olicl solution), it changes on cooling below this temperature into the 
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alpha state (dissolving only up to 
0.04 per cent carbon) and setting 
up enormous internal stresses be- 
cause the alpha form shows a 
volume expansion of 1 per cent. 
Annealing to relieve these stresses 
is necessary. 

In case-hardening, a low- 
carbon steel is held for sev- 
eral hours in charcoal and 
bone ash or a reducing gas 
or sodium cyanide at 1000 
C. ; carbon is taken up by 
the surface, yielding a steel 
that is hard on the surface 
and tough in the interior. 
Gears must be case-har- 
dened. Steel is hardened by 
0.02 per cent boron as much 
as by 250 times that much 
nickel. 

Reduction of C0 2 by hot 
carbon yields CO, which 
penetrates slightly into the 
metal where it reacts to form 
hard ccmentite, Fc 3 C: 

2 CO + 3 Fe Fe 3 C + C0 2 

Localized hardening of 
certain wearing surfaces may 
be obtained by quick induc- 
tion heating with immediate 
chilling. 

Exercises 

2. If wc had no alloys and had to 
depend upon practically pure 
metals, what difference would 
it make in our daily life? 



Fig. 150. The c fleet of heat-treatment of 
steel. A coarse structure is obtained by 
cooling this 0.89 per coni carbon Steel from 
877° C. at the rate of 3° C. per minute. 



Fig. 151. The same steel as in fig. 150. 
The finer structure is obtained by sudden 
water cooling from 8 C. and then tem- 
pering one hour at 550 C. Magnification 
of polished and etched surface, 2000. 
(Courtesy J. R. Vilclla, United States 
Steel Corporation.) 
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3. Aluminum melts at 660° and antimony at 630° but a certain alloy of the 
two metals melts at 1066°. How can this be? 

4. What substitutes could we use for copper alloys if supplies of copper were 

exhausted ? 

5. Could you describe an ideal alloy? 

6. In what alloy is chromium valuable? What is the chief chromium ore? 
Where mined? 

7. What weight of charcoal must be added to 6 tons of pure, melted iron to 
make a steel containing 2 per cent carbon? 

8. What arc some of the bearing alloys? 

9. Explain the heat treatment of steel. 
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Chapter jo electrochemistry 


Ionic Displacement. Zinc dust, shaken with a solution oi copper 
sulfate, removes the blue color with evolution of heat. Alter 
filtering, metallic copper is found on the filter and a solution o 
zinc sulfate in the filtrate. In other words, blue copper ions have 
become red copper molecules; and zinc molecules have become 
zinc ions. Equation (2) gives the essentials ol equation (1): 


( 1 ) 

( 2 ) 


Zn + Cu ++ + SO 4 “ 

Zn 4- Cu ++ 

I 2«" ^ 


Cu + Zn ' ' 
Cu 4- Zn ++ 


4~ SO 4 


In reality the zinc atom in gaining two positive charges lias 
given away two electrons (negative charges of electricity) to t hi 
blue copper ion. Loss of electrons by a metallic atom means the 
formation of a positive ion. The displacement of hydrogen from 

acids is similar: 

Zn + 2 H + — * Zn + * + Hi 
Zn + 2 Ag + * Zn + ‘ + 2 Ag 


Fc + Cu 


T f 


V 




+ Cu 


Evidently a displacement series of the metals can be arranged 
in which a given metal will displace ivovn salt solutions any uk u 
below it, but will in turn be displaced by any metal above it. Sue h 
a series has a number of names. It was given on page ))** the 
“activity series” with the most active metals at the top. Now vu 
see that those at the top have the greatest tendency to lose elec- 
trons - to go into solution as ions. Hence the name, “solution 
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tension series” or “electrochemical series.” An abbreviated list of 
the metals in proper order appears below. 

Electric Cells. During the addition of zinc dust to a copper 
sulfate solution chemical energy is transformed into heat. But 

it is possible to transform chemical energy into 
electricity by placing two metals (separated) in a 
solution of acid, base, or salt and connecting the 
metals outside by a wire. Solutions of zinc sulfate 
and copper sulfate may be kept apart by a porous 
clay wall which permits ions to wander through 
when attracted but hinders ordinary diffusion 
(Fig. 152). A zinc plate is placed in the zinc sul- 
fate compartment and a copper plate in the cop- 
per sulfate compartment. On connecting the two 
plates by a wire a current of electrons flows along 
the wire from zinc to copper and through the solu- 
tions to the zinc. This device is a primary cell (as 
differing from a secondary or storage cell) and con- 
verts chemical energy into electrical energy. The 
zinc, with a greater solution tension, or pressure, 
than the copper, throws atoms into solution as 
ions. This means that some zinc atoms give up 
electrons to the rest of the zinc plate. These elec- 
trons flow along the wire (current of negative clec- 

LEAST ACTIVE , ° ' , , ... 

tricity) to the copper plate, where they are readily 
taken up by the adjoining copper ions. This action neutralizes the 
charge on the copper ions and causes a deposition of metallic 
copper on the plate. Finally the zinc plate is dissolved or all the 
copper ions arc removed. The excess Zn ++ ions attract SO 4 ” from 
the other compartment, so all portions of the solutions are kept 
electrically neutral. In all cases the more active metal dissolves. 
The direction of the current, as arbitrarily named, is opposite to 
the flow of electrons along the wire. This decision as to the direc- 
tion of flow was made before scientists knew anything about 
electrons. 

The Gravity Cell is a convenient arrangement of the zinc- 


MOST ACTIVE 

Li 

K 

Na 

Ba 

Sr 

Ca 

Mg 

A1 

Mn 

Zn 

Cr 

Fc 

Co 

Ni 

Sn 

Pb 

H 

C-u 

Sb 

Hg 

A S 

Pt 

An 
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cooper cell. The copper plate lies in a saturated solution of copper 
sulfate, while the zinc plate (shaped like a crowfoot) ts hung over 
the ed-e of the jar in the lighter solution of zinc sulfate or dilute 
sulfuric acid. Thus gravity helps to keep the two solutions apart 
without a diaphragm. This battery, in either form, is often called 

the Daniell cell. . ,. . 

The Lalande Cell (zinc and copper oxide plates in sodium hy- 
droxide solution) operates at 0.6 to 0.7 volt and can deliver 



heavy current. A million such cells arc in use for railway signal 

The Dry Cell, so familiar in flashlight use, consists ol a cat bon 
rod in a zinc can filled with a solid but moist paste of carbon 
manganese dioxide, zinc chloride, and ammonium chloride. 1 he 
carbon and zinc are the poles, while the manganese dioxide acts 
as a depolarizer, preventing formation ol a him ol hydrogen on 

the carbon. 

Zn + 2 Cl' — > ZnCI. + 2 c 

MnO, + NHi + + 2 H,0 + . - NH.OH + Mn(OH), 

Over 600,000,000 of these dry cells arc in use in the Tinted 
States. 

A gnnd flashlight cell may have an energy ou.,». -Ilicirnt lo raise i.s men 
weight (90 e.) to a height of 15 miles. 
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Electrolytic Corrosion. By the electrolytic theory of steel cor- 
rosion the impurities act as anodes and the iron as cathode. 

2 Fe -> 2 Fe ++ + 4 e“ 

2 H 2 0 + 0 2 + 4 e~ -> 4 OH~ 

2 Fe ++ 4- 4 OH - — > 2 Fe(OH) 2 — > Fe 2 0 3 , after oxidation 

It has been shown that a small electric current imposed on this 
system can counteract the above effects. Furthermore a very 
active metal such as magnesium, connected with the steel or iron, 
will form a galvanic battery in moist soil thus protecting the iron 
while magnesium dissolves. We could profitably use 60,000,000 
pounds of magnesium a year in protecting soil piping. 

Electromotive Force. The force that drives the electrons along 
a metallic circuit is termed electromotive force (E. M. F.) or 
voltage, and its unit of measurement is the volt. The difference in 
this pressure or potential between the two poles of a Daniell cell 
is 1 .10 volts. Other cells, such as the Clark and Weston, are better 
standard cells. If a cell is made of two metals close together in the 
electromotive series, the voltage is very low. The farther apart 
they arc in the series the higher the voltage. 

Electric eels may shock with a potential of 200 volts. 

Normal Potentials. Any metal in water or water solution has 
a tendency to throw atoms into solution as ions. There is an actual 
solution tension differing in degree with the position of the metal 
in the activity series. In the case of zinc immersed in a solution of 
zinc salt (that is, in a solution already containing Zn ++ ions) the 
tendency of the neutral zinc atoms on the surface of the plate to 
give up electrons to the rest of the plate is opposed by the tend- 
ency of Zn ++ ions to take up electrons from the plate. With such 
an active metal as zinc the former tendency is the greater and the 
metal plate soon becomes negative from the electron donations 
while the solution with a certain excess of Zn 4 ' 4 ' ions becomes posi- 
tive with respect to the plate. A difference of electric potential is 
set up. Of course, the greater the concentration of the Zn ++ ions 
in solution, the greater the tendency of Zn 4 " 4- to take electrons 
from the plate and the negative potential of the plate is lessened. 
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With the less active metals like copper in a solution of a copper 
salt the concentration is generally sufficient to make the tendency 
of CU++ ions to take on electrons from the atoms of the plate 
greater than the opposing tendency and the copper plate 
actually becomes positive with respect to the solution. 

Zn «=± Zn ++ + 2 e 
Cu 5=* Cu ++ + 2 e 

Even a film of hydrogen gas in contact with a conducting elec- 
trode like platinum has a tendency to ionize, to donate electrons 
to the obliging platinum electrode, making it negative. However, 
in a solution of H+ ions, an acid solution, this tendency is opposed 
by that of the H + ions already there to take on electrons from this 

same platinum plate: 

H-> ti2H + + 2t 

The Hydrogen Electrode. The hydrogen electrode is merely a sheet of 
platinum with a roughened surface of platinum black saturated with hydrogen 
gas by a steady stream of the gas at one atmosphere pressure, immersed m a 
solution containing hydrogen ions and in contact with an atmosphere ol 


h 2 - 



Saturated 
Solution 
of Hg Cl 


Solution 
Containing H + 

Fig. 153. The hydrogen electrode. 

hydrogen gas. Of course, the voltage or potential varies with the concentration 
of the H« ions. With an acid solution of known concentration this hall cel 
becomes a standard cell, with known potential. Joined to a standa.d ealomt 
electrode for the other half cell, it furnishes a combination whose net polciiti.il 
is the algebraic difference between the two electrode potentials. 

Using the unknown solutions as the liquid to surround another pla.mu.n 
black electrode also joined to a second standard calomel electrode, the potc miu 
developed by this cell may be compared with that developed m the other 
The H* ion concentration of the unknown acid solution is then re at i > 
calculated and usually stated as the pH value (Appendix). 





576 ELECTROCHEMISTRY 

Purely for convenience the potential of hydrogen against a N solution of its 
own ions is taken as zero. In the table below, the metals with a greater tendency 
than hydrogen to give up electrons to the neutral metal plate are marked with 
a negative sign because the neutral plate thus becomes negatively charged with 
electrons donated. 


POTENTIALS OF METALS IN CONTACT WITH N SOLUTIONS 


K. 

-2.92 

OF THEIR OWN IONS 

(Electromotive Scries) 

Fc (Fe ++ ) -0.44 

Cu (Cu ++ ) 

+0.34 

Ca 

-2.76 

Sn (Sn ++ ) 

-0.14 

Hg (Hg + ) 

+0.80 

Na 

-2.71 

Pb (Pb ++ ) 

-0.13 

Ag 

+0.80 

Mg 

-1.55 

h 2 

0.00 

Au (Au + ) 

+ 1.5(?) 

A1 

Zn 

-1.34 

-0.76 

Typical reaction, K — e «=* K + 




It is, of course, easier to discharge metallic ions on platinum than on more 
active metal cathodes in electrolysis because the solution tension of the platinum 
itself is so small. Yet when the platinum becomes covered with a layer of 
hydrogen gas as sometimes happens, the discharge is no longer against a 
platinum plate but against a hydrogen plate. 

From a table of potentials the voltage of any combination may 
be calculated. It is merely the difference in potential between the 
two elements. For example, the voltage of the Daniell cell 
(Cu — Zn) is +0.34 — ( — 0.76) = 1.10 volts. 

Decomposition Potentials. The decomposition potential of a 
substance in solution is the potential difference just sufficient to 
cause continuous electrolysis. Naturally it is affected by concen- 
tration, temperature, and polarization of the poles. A few values 
are quoted from Koehler for normal solutions with platinum 
electrodes. 


CuSO.| 

0.80 volts 

CaCl 2 

3.05 volts (650°) 

AgNO, 

0.70 

KOH 

2.4 

(200°) 

h_.so 4 

1.67 

NaOH 

2.38 

(180°) 

hno 3 

1.69 

NaCl 

2.65 

(800°) 

NiSO, 

2.09 


(Dry fused) 


NiCla 

1.85 





(In aq. sol.) 


In a solution containing two salts with widely different de- 
composition potentials it is possible to use a current such that 
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only one metal will be plated out. (Which one?) With certain 
pairs of metals the addition of potassium cyanide to their salts 
will bring their decomposition potentials so near together that 

these metals are deposited together as an alloy. 

The decomposition voltage of an electrolyte varies with the 
nature of the electrodes. Any excess voltage over the algebraic 
sum of the reversible electrode potentials required for discharge 
of ions is called overvoltage. The overvoltage for discharge of 
hydrogen ion on rough platinum is slight, on smooth platinum 
several times as large, and on mercury four times as much as on 
smooth platinum. 

Electric Energy. Electric energy is measured by the product 
of the intensity factor times the quantity factor. The volt is the 
unit of intensity and the coulomb the unit of quantity. Since the 
flow of water in a pipe leading from an elevated reservoir is some- 
what comparable to the flow of electricity, we may consider the 
difference in electric potential between any two points in a circuit 
as analogous to the difference in “head” or pressure of water at 
the reservoir and at the open tap. The unit of actual quantity of 
water is the gallon, no matter what the pressure or rate of flow. 
The coulomb is likewise a unit of actual quantity of electricity. A 
gallon of water delivered under a definite pressure delivers a 
definite amount of energy to a water motor. So a coulomb of 
electricity delivered under a certain voltage or electrical pressure 
delivers a definite number of joules ol energy . 

1 volt X 1 coulomb = 1 joule 

1 joule = 0.239 cal. 

A simple definition of the coulomb may be taken from the fact 
that 96,500 coulombs of electricity (the faraday) will discharge 
one gram-equivalent weight of any ion during electrolysis. \\ hen 
one gram-equivalent weight of zinc displaces toppo horn a solu 
tion of a copper salt, 25,050 cal. of heat are liberated. 

Exercise 

1. Calculate how many coulombs are delivered in a Daniel! cell when one 

gram -equivalent weight of zinc is dissolved. Give the heat equivalent of 

the electrical energy evolved. 
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The rate of delivery of a given number of joules is important. 
One coulomb per second means a current strength of one ampere 
(similar to one gallon of water per second). The unit of rate of 
delivery is the watt: 

1 ampere X 1 volt = 1 joule per sec. = 1 watt 

The horsepower is 746 watts (about as much energy as a common 
electric iron uses). A 40-watt lamp on a 110-volt circuit must use 
a 0.36 ampere current: 

x amperes X 110 volts = 40 watts, 

x = 0.36 ampere 

Amperes measure the number of electrons passing a given point within a 
given time. Voltage measures their pressure. With a current of 1 ampere 
6.281 billion billion electrons pass a given point in 1 second. 

Electric energy is sold by the kilowatt (1000 watts) hour. 

To convert kilowatt hours into horsepower hours: 

kw hours X 1.341 = horsepower hours 

Electricity in favored localities may sell below one cent per kilowatt hour if 
used for power (in great quantities) but the average consumer is not favored 
with such a price. In this country he pays about 5 cents. 

The Lead Storage Battery. A charged lead storage cell con- 
sists of a lead plate surfaced with lead dioxide as the positive pole 
and a second lead plate surfaced with spongy lead as the negative 
pole — both immersed in 20 per cent sulfuric acid. 

When the two poles are connected by a metallic circuit some of 
the lead atoms on the surface of the lead plate give up electrons to 
the rest of the plate (making the plate negative) and go into solu- 
tion as Pb ++ ions. They do not go far, however, for they meet 
SO 4 " ions in the solution and are re-deposited on the plate as 
insoluble PbSOj. 

The two electrons given to the lead plate, when Pb ++ ions are 
formed, travel along the metallic conductor to the brown lead 
dioxide plate, PbO ». There they unite with H* ions of the solu- 
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tion which on discharge promptly reduce the Pb0 2 to PbO. a 
basic oxide that readily reacts with sulfuric acid to form PbS0 4 . 


( 1 ) 

( 2 ) 

(3) 


Discharge 

Pb0 2 + 2H + + 2e^ PbO + H 2 0 
PbO 4- H 2 S0 4 -> PbSO.j + H.O 
Pb + SO r — > PbS0 4 + 2 e 


On passing a current through the exhausted cell (as in electro- 
plating) sulfuric acid is electrolyzed, its H+ ions discharged on 
the PbS0 4 surface of the lead electrode reducing the lead sulfate 


FbO 


^Zso 4 — 


- F =- -I - n-bso 



Fig. 154. A charged cell. 


Fig. 155. A discharged cell. 


again to the original spongy lead and forming more H*S 0 4 . M 
the other electrode (brown PbO, now surfaced with I bSOd the 
current discharges SO“ ions which then unite with the I bSO, to 
form Pb(S0 4 )„ lead disulfate. This, however, is easily hydrolyzed 
to the original brown PbO„ lead dioxide, and to H,S0 4 . 


(4) 

( 5 ) 

( 6 ) 


Charge 

PbSO 4 + 2 H 1 4- 2 e — > Pb 4- H 2 SO , 

PbS0 4 4- SO - — 1 > Pb(SO ,) 2 4- 2 t 
Pb(S0 4 ), 4- 2 H .O — > PbO, 4- 2 H,SO 
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The action in charging is just the opposite of that in discharg- 
ing. It is chemical energy that is stored up, not electrical. There 
is plenty of precedent for the formation of lead disulfate at the 
anode during charge. Persulfates are actually prepared by anodic 
oxidation. Furthermore, Evans ( Metals and Metallic Compounds, 
Vol. IV, p. 254, 1923) describes the preparation of Pb(Ac) 4 and 
its hydrolysis to Pb0 2 , as well as 2 NH 4 ClPbCl 4 and its similar 
hydrolysis. In practice it is unwise to convert too thick a layer of 
the plates into lead sulfate, for regeneration becomes difficult, 
possibly due to a lack of permeability. Nor should a discharged 
cell stand long before charging. Otherwise the lead sulfate coating 
becomes more compact. The normal voltage of such a cell, fully 
charged, is about two volts, but this falls on discharge. Thus there 
are two ways of learning the condition of the cell: measuring the 
density of the acid, or the potential fall between the poles. Since 
sulfuric acid is used up on discharge (the density of the liquid fall- 
ing to 1.10), and since sulfuric acid is re-formed on charge (with 
a rise in density to 1.30) it is a simple matter to learn the cell 
condition. 

Storage cells are used in submarines, in small isolated lighting 
plants, for self-starters in autos, and for many other purposes 
where direct current is needed. It is interesting to compare the 
Edison cell with the lead cell. In the Edison type a 21 per cent 
solution of KOH is the electrolyte, and the poles are iron and an 
oxide of nickel : 

Nio0 3 + Fe + 3 H .O ^ 2 Ni(OH) 2 + Fe(OH) 2 

Discharge—* «— Charge 


Exercises 

2. What is the source of the current in a Daniell cell? 

3. A certain electric iron uses 1000 watts for three hours. How much will the 
current cost at 5 cents per kilowatt hour if the iron is used continuously 
for three hours? 

4. 1 low much silver will be deposited by a current of 5 amperes in 50 minutes? 

5. If zinc costs SO. 15 per kilogram, what would it cost per kilowatt hour to 
draw current from a Daniell cell, ignoring the cost of the copper sulfate? 
How does this compare with the rate in your town? 
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6. How much electrical energy is obtained when 600 g. of zinc dissolve in 
a Daniell cell? 

7. What will be the voltage of the following cells: Zn-Pb; Pb-Ag; Cu-Au; 
Sn-Hg; Ni-Hg? 

8. What current strength will be required to deposit 80 grains of lead in 
45 hours? 

9. When 415 ampere hours of current are taken from a lead storage cell on 
discharge what weight of sulfuric acid disappears from solution and what 
weight of water is formed? 

10. How many coulombs of electricity flow through an electrolytic cell in 
plating out 90 grams of cadmium on a cathode? 

11. If a current of 200 amperes flows through a solution of copper sulfate for 
55 minutes how many grams of copper will be plated out? 

12. If you tried to invent a better storage cell, what plates and solution would 
you have in mind? 
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Chapter 31 


THE ALIPHATIC 
HYDROCARBONS 1 


Organic Chemistry or the chemistry of carbon compounds deals 
with 400,000 or more compounds while inorganic chemistry 
deals with only 90,000. 

Homologous Series. There are several hundred hydrocarbons 
known (compounds of hydrogen and carbon), most of them being 
found in petroleum, natural gas, asphalt, and coal-tar products. 
These are divided into several series, with some very definite 
relationships between the members. 


METHANE SERIES ETHYLENE SERIES ACETYLENE SERIES BENZENE SERIES 

C„H 2n+2 C n H 2n C n Hj n _ 2 C n H 2 n— 6 


Methane 

CH, 



f (Ethine or) 



Ethane 

c 2 h 6 

Ethylene 

C 2 H4 

1 Acetylene 

C 2 H 2 


Propane 

c 3 h s 

Propylene C S H 6 

Propinc 

C 3 H 4 


Butane 

C 4 H 10 

Butylene 

c 4 h 8 

Butine 

c«h 6 


Pentane 

CjH ,, 

Pentylenc 

CsHjo 

Pcntine 

C s H 8 


Hexane 

c 6 h„ 

Hexylene 

c 6 h 12 

Hcxine 

CgH 10 CgH6 

Benzene 

Heptane 

c 7 h 16 

Heptylcnc 

C 7 H,4 

Hcptinc 

c 7 h 12 c 7 h 8 

Toluene 

Octane, etc. 

CsH,3 

Octvlenc 

4 

C s H,6 

Octine 

CsHh CgHio 

Xylene 


(Ethylene is often called cthcnc but not cthinc.) 


In each series any one member differs from its neighbor by one 
carbon and two hydrogens (CH 2 ). This regular progression in 
molecular weight is the reason for the name, “homologous series.” 
The general formula for the series is useful. For example, in the 
methane series (so called from the name of its simplest member) 
we know that a hydrocarbon with five carbons must have twelve 

4 

1 In aliphatic hydrocarbons the carbon atoms arc joined in chains, while in the 
aromatic hydrocarbons (as found in coal-tar distillates) some of the carbon atoms, 
at least, arc joined in rings. The methane scries is often called the paraffin scries, 
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hydrogens in the molecule (C„H 12 ) because in the series formula 
(C„H 2 „ +2 ), the n is 5 in this case and 2 n + 2 - 12. 

The methane and benzene series are by far the most important 
in the field of organic chemistry if their derivatives are considered. 
Members of the methane series up to a molecule of 60 carbon 
atoms are found in petroleum. The first member, CH„ makes up 
about 90 per cent of natural gas. The first four members are 
gases at ordinary temperatures; from C 5 H 1; to C, S H 22 they are 

liquids; and from C, 6 H 3J up they are solids. 

The existence of so many compounds of two elements depends 
wholly on the tctravalencc of carbon and the ability of carbon 
atoms to hold other carbon atoms in long chains or rings. 


H 

H 

1 

H 

1 

H 

H 

I 

H— G- 
1 

1 

-H and H — C- 

I 

1 

-C- 

i 

-C- 

1 

-C 

1 

1 

H 

1 

Ii 

! 

H 

H 

H 


Isopentane, a branched chain compound, is of the same molet - 
ular weight and has the same empirical forim.la C...ll l2 , as 
normal pentane, a straight-chain compound. The different, a 
chemical and physical characteristics are due to the maniu . m 
which the 5 carbon atoms and 12 hydrogen atoms arc combined. 
The structural formulas of these isomers are: 


Normal Pentane 


H 

II 

H 

H 

11 

i 

1 

C 

1 

-C- 

l 

1 

-C- 

i 

1 

-C 

1 

1 

-C 

1 

1 

11 

1 

H 

1 

H 

1 

H 

1 

H 


Isopentane 

CH» H H 


H — C— C— C H 

I I I 

CHs H H 


Exercises 

„ . »» (' |.i ,hc standard for rating our present anti- 

1. Diagram “iso-octanc, UMh, in< sia 

knock motor fuels. 1 hen look at |>ag< 5 ) 7 . 

2. Isobutane is vi.al K. 100-or.ane gasoline. Diagram its formula. 

I, is astounding to learn .bat although Ct.il... has only -<» 
could have 75 and C..H, could have 1855. Isotnenc h.nns of a c n und 
have the satne formula but the atone, are arranged dtlletenlly (as ... 

pentane and isopentane). 
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Methane. Methane is formed when many kinds of organic 
matter are heated out of contact with air. It is often found in coal 
mines, where it is known as “fire damp,” and is thus the cause of 
dangerous explosions. Petroleum contains some of this substance 
but the chief source is natural gas, which may contain 85 to 95 
per cent of methane, and in rare instances, 98 per cent. 

Natural gas is a valuable fuel, yielding carbon dioxide and 
water on combustion. When 1000 cubic feet of the gas burn, 
over 10 gallons of water could be collected by chilling the vapors. 
Natural gas and oil occur in the same fields and, in fact, the gas 
is really the volatile part of the oil deposit. It is the pressure of 
reservoirs of this gas that forces oil out in “gushers.” 

The industry is now so enormous that 4000 billion cubic feet arc consumed 
annually in the United States. Natural gas is an ideal domestic fuel, yet four- 
fifths of it is used in industry. (How is “carbon black” made? (See page 131.)) 


As a reserve for winter emergencies Cleveland built three great 
insulated spheres holding 150,000,000 cubic feet of natural gas, 
compressed to liquid at very low temperatures. An explosion 
wrecked one sphere. 

Methane, as a raw material, can be used to create a great 
number of useful products, even liquid fuels for motors. Heated 
with steam it yields a mixture of hydrogen and carbon monoxide 
(like water gas, page 91) which can be catalytically converted 
into other valuable products. 


CH 4 4- H.O — > CO + 3 H 2 

Much cheaper oxygen has made possible an important new 
development by which natural gas is partially oxidized to yield 
water gas (CO + H«) which can be converted catalytically into 
gasoline, diesel fuel, alcohols, and acetone (synthol process). 

Chlorine derivatives of methane are known and used. Tetra- 
nitromethane is a terrific explosive, too dangerous to handle. 

3. How many grams of oxygen are required to burn 100 liters of methane, 
both gases being measured under standard conditions? 
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Ethylene, C 2 H 4 . This colorless, inflammable gas burns with a 
luminous flame due to the separation of much incandescent 
carbon. To its presence (2 per cent in coal gas) is due much ol the 
illuminating power of some commercial gases. It is the first 
member of a series of unsaturated hydrocarbons. In methane, 
carbon has its full valence number of four taken up by hydrogen 
but in ethylene, C 2 H 4 , the two carbons are both able to add one 
monovalent atom (such as bromine). In the structural formula 
this unsaturated condition may be represented bv a double 
linkage between the carbons. This means only the kind ol un- 
saturation existing in ethylene: 


-X 

-x 

H H 

I I 

H H 

H— G— C— H 

c=c 

1 1 

Br— C— C— Br 

1 I 

1 1 

H H 

H H 

1 1 

H H 

Ethane (Saturated) 

Ethylene 

(Unsaturatcd) 

Ethylene Bromide 
(Saturated) 

Ethylene may be represented as 



H H 

H : C : : C : H 


As a result of its unsaturation, this compound has an ability to 
add on bromine and other elements until the usual valence num- 
ber of four is exercised by the carbon without its “doubling with 
itself. When any saturated hydrocarbon is heated strongly in 
absence of air some ethylene is produced. Even methane can be 
made to yield it by this thermal cracking or molecule-splitting: 

2 CH 4 —* 2 Ha + C*H 4 

In the laboratory ethylene can be prepared by heating alcohol 
with concentrated sulfuric acid (a dehydrating effect) or by pass- 
ing the hot vapors over AI 2 O 3 or IhOa- 

C >H iOH — CaH. + HaO 
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Ethylene is largely used for blow-torch welding and cutting, 
comparing favorably with acetylene for this purpose and is also 
valued as an anesthetic and as an aid in the ripening of some 
fruits. 

Ethylene reacts readily with sulfur monochloride to form 
mustard gas, a most effective war gas : 

2 C 2 H 4 + S 2 C1 2 -> (C 2 H 4 C1) 2 S -f S 

Ethylene passed into chlorine water also reacts, to form ethyl- 
ene chlorhydrin: 

CH-> CH 2 C1 

|| 4- HOC1 -► 

CH 2 ch 2 oh 

Treated with a base this product yields ethylene glycol, an “anti- 
freeze” liquid, very similar to glycerine: 

CH 2 C1 ch 2 oh 

| 4- NaOH -> | -h NaCl 

ch 2 oh ch 2 oh 

A rubber-like product called “Thiokol” is made commercially 
by converting ethylene into ethylene dichloride which is then 
treated with a sodium sulfide complex. Polymerization (joining 
of like molecules to form larger molecules) follows. Ethylene 
glycol is also nitrated for use in explosives. 

Trichlorethylcnc is a powerful solvent for fats and oils, hence 
its use, to the extent of 100,000 tons in 1948, in dry cleaning and 
as a paint remover. The vapors of such chlorinated hydrocarbons 
arc somewhat toxic. 

From ethylene we can make derivatives of the vinyl group, the 
basis of the vinyl plastic industry, although acetylene is generally 
used as the source of vinyl compounds. 

H 2 C=CH-C1 is vinyl chloride 

For uses of propylene and butylene see below. 

From ethylene we made, in one year, nearly 70,000,000 gallons 
of cthvl alcohol. 


ACETYLENE, C.H 2 
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IMPORTANT DERIVATIVES OF SOME UNSATURATED 

HYDROCARBONS 


C 2 H 4 — 
Ethylene 


Ethvl alcohol 
Ethyl chloride 


Cl 


C 2 H 4 






OH 


ethyl cellulose 
Plastics 

I Buna-S rubber 
(Thiokol 

\ Vinyl chloride — * Plastics 
Glycol (anti-freeze) 


Ethyl benzene — * styrene ' 
Ethylene dichloride 


I Acrylonitrile 


Polythene plastic 


Buna-N rubber 
Lucitc (Plexiglas) 


( 4 ,, , ,, ., , I Alkyd resins 

Allyl chlor.de - glycerine ■ NUro lyccrinc 


acetone 


C a H« - 

Propylene | Isopropyl alcohol 
i, (solvent) 

i Buna-S rubber 
Butadiene Buna-N rubber 
! Butyl rubber 

Polymerized isobutylene — » Vistanex 


C 4 H, 

Butylenes 


Acetylene, C 2 H 2 . This gas lias a lower percentage of hydrogen 
than ethylene, so it is still more unsaturated. Each carbon is able 
to add on two bromine atoms or other atoms and become satu- 
rated with the usual four valences. The structural formula 
represents the linkage between the carbons by' three bonds, but 
this is only to be counted as representing the particular degree of 
unsaturation existing in acetylene, H— CsC H. 

The formation of the gas by addition of water to calcium cat - 
bide has been given previously (CaC 2 -f- 2 H 2 0 > Ca(OH) > 

+ C 2 H 2 ). In a war year Germany used 3,000,000 tons of carbide. 
Acetylene may also be made by passing natural gas through the 
electric arc. 


Acetylene, fed with oxygen in the acetylene torch, produces an 
intensely hot flame. (Since acetylene may explode on compres- 
sion it is always dissolved in acetone when under pressure, for safe 
use.) With this a 6-inch steel shaft can be cut through in less than 
a minute and heavy plates are cut with equal speed. As soon as 
the steel melts it burns in air and is blown away as oxide, in 
sparks. 
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Acetylene is the starting point in the synthesis of a large num- 
ber of organic compounds, some of them of industrial importance. 
Great quantities of acetic acid are made by catalytic hydration 
and controlled oxidation in the second stage. The new synthetic 
rubber, “Neoprene,” is derived from acetylene which itself is 
based upon limestone and coke in the manufacture of calcium 
carbide (see page 132). Acetylene black, a form of carbon, 

makes rubber conduct electricity. 

Petroleum. Petroleum, varying in color from a light greenish- 
yellow to a green or reddish-brown, is a mixture of hydrocarbons, 
although some derivatives containing oxygen, nitrogen, or sulfur 
may be present. It is sometimes limpid but usually rather viscous. 

The early exhaustion of our vast but limited oil reserves, so 
frequently predicted by scientists and denied by some oil men, is 
a matter of vital concern. Improvement in refining processes, al- 
ready startling, and proceeding at a gratifying rate, has the effect 
of multiplying these resources. Another important factor is the 
recent deep drilling of oil wells, tapping oil sands hitherto in- 
accessible. Reserves in sight may be doubled by drilling to 12,500 
feet. Such wells cost over a third of a million dollars each. 

World Production. Normally the United States produces 70 
per cent of the world’s annual output of 2,000,000,000 barrels 
but, as a result of World War II, our production was forced to 
1,850,000,000 barrels or more, draining our reserves. The other 
great oil fields are in Arabia, Russia, Venezuela, Iran and Iraq, 
the Dutch East Indies, and Mexico. Germany, with no oil, has 
produced liquid fuel and lubricants from coal by catalytic 
processes. In the United States we are preparing to do the same 
thing when need arises. 

Refining. Once a simple matter of distillation (separation of 
the hydrocarbons by their difference in boiling points), petroleum 
refining has been revolutionized by the demands of the auto 
industry for gasoline and lubricants. In 1900 kerosene for lamps 
was the chief product and all the gasoline produced in that year 
would supply our motor needs for less than one hour today. 
Gasoline is a mixture of hydrocarbons ranging from CeHn to 
Ci >H >e. Kerosene hydrocarbons may range from C 12 H 26 to Ci 6 H 3 4. 
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At present the average yield from 100 gallons of crude petro- 
leum is : 

44 gals, gasoline 3 gals, lubricants 

36 gals, fuel oils 8 gals, asphalt, wax, coke, etc. 

6 gals, kerosene 3 gals, lost 

We still get great quantities of paraffin wax (380,000 tons), 
petroleum asphalt, and coke from the petroleum refinery. 



The demand for more and better gasoline has introduced such 
modern improvements on distillation as cracking, hydrogenation, 
dehydrogenation, polymerization, alkylation, isomerization, and 
solvent refining. 

Cracking. At high temperatures and very great pressures 
petroleum hydrocarbons arc cracked, or split, into smaller mole- 
cules with hydrogen as a by-product. Some “reforming may 




> •*w 
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take place between the fragments. This splitting of heavier mole- 
cules doubles the yield of gasoline (22 per cent) naturally occur- 
ring in petroleum. Even peanut and cottonseed oils have been 
cracked to yield gasoline and Diesel fuel. Catalytic cracking at 
lower pressure is now the practise. 



Fig. 158. Petroleum cracking. 


Hydrogenation. The unsaturated molecules resulting from the 
cracking of petroleum fractions can be forced to add hydrogen, 
thus creating new products. The success of hydrogenation of coal 
in Germany to yield liquid fuels led to catalytic hydrogenation of 
petroleum in this country. The gasoline resulting is remarkably 
low in sulfur compounds and rich in naphthenes and aromatics 
of excellent anti-knock value. The reaction tubes are built like 
cannon with alloy steel walls seven inches thick, lor they 
must withstand enormous pressure and temperatures up to 

550° C. 

Dehydrogenation. The breaking ofT of hydrogen atoms from 
adjacent carbon atoms to produce an unsaturated condition is 
roughly the opposite of hydrogenation. Normal butane, by dch> - 
drogenation, becomes w-butylenc, which can be cataly tically 

converted into butadiene for synthetic rubber. 

Another remarkable blending agent in production of super fuel 
is tryptanc, 2,2,3-trimethyl butane. Could you diagram its struc- 
ture, calling the first carbon atom from the end ol the chain 2, 

and the next, 3? 



592 


THE ALIPHATIC HYDROCARBONS 


Alkylation. The introduction of “alkyl” groups (CH 3 , C 2 H 5 
etc.) into a hydrocarbon makes possible neohexane (a valuable 
blending agent in gasoline), isooctane of high anti-knock rating, 
and other important derivatives. 

A favorite alkylation reaction is that between isobutane and 
some olefin (unsaturated C 2 H 4 , C 3 H 6 , C 4 H 3 , etc.). The catalyst is 
usually sulfuric acid or hydrogen fluoride. 

Isomerization. The rearrangement of atoms within a hydro- 
carbon molecule to form an isomer has been put to good use in 
converting abundant normal butane into isobutane, of which 
there is not enough. Heat and anhydrous aluminum chloride as 
catalyst cause the rearrangement of atoms. 


H H 

I I 

h 3 c— c— c— ch 3 

I I 

H H 

ri-butane 


H 

h 3 c— c— ch 3 
I 

ch 3 

Isobutanc 


Aromatization. The aliphatic compound, normal (straight- 
chain) heptane, can be catalytically changed (with some loss of 
hydrogen) into the closed-ring aromatic compound, toluene. By 
similar methods normal hexane can be aromatized into benzene. 
At times the demand for these important aromatics exceeds the 
supply. The toluene so prepared is our chief source of T.N.T. 


4. What other demands are made by the auto industry? Name five. 


REACTIONS UTILIZED IN THE PETROLEUM REFINERY 

(1) Cracking 

_CJ-C -c -c-i-C-ti-ci- h l at - and - -i— i-i— i— i-i— 


I i I 1 

long-chain hvdrocarb. 

norm.il octane 


(2) Hydrogenation 

n-butvlcne 


press, or cat. 


short-chain hydrocarb. 
n-propane n-propylcnc 


C— C— C = c: 


unsatu rated 


hydrogen 


-i-cU-i- 


100-300 atm. 

saturated n-butane 


(3) Dehydrogenation Reverse of the above 
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(6) Isomerization 


n-butane 


— i— c— c— i— 


heat and 
catalvst 


straight chain 


— c— 

-<b-c-c- 

branched chain 

i«u»bu«aiic 


(7) Cyclization 


n-hexanc 


i—i—i—i—c—c- 
I I I I I 


heat and 


aliphatic 


catalyst 




C— c: 


— 


c ^ 4- hydrogen 


C— C 

/ I l\ 

a naphthene, « yclohcxanc 


(8) Aromatization 

cyclohexane 


\U' 

>*/ N 
/ \ 

c— c 

a naphthene 


<U 


c 




, heat and 

— C 

cat. % 


c h hydrogen 

3H a 


C— C 


aromatic 


A hydrogen atom it. understood ... he psrn, at .hr free -nd of e ach line 

Solvent Refining. At the present time the manufacture of 
lubricating oils is undergoing a revolution. Losses front use o 
sulfuric acid in the old method of refining petto cum «°Kc.her 

with more rigid specifications for lubricant, (that ‘-vea desnec 

viscosity changing little with temperature, that do 

or gum) led to the rapidly growing use of solvents to , ntov 

the last percentage of wax, the naphthenes, and asphalt Amofi, 

the numerous solvents are propane (a gas at otdm. > - _ 

and temperature which must he used under consult able ^ p cs 

sure), phenol, cresols. liquid sulfur dtox.de du hlote hy tea 
benzene -ace tone tnix.ure, and sulfur d.ox.de-henzenc m vary me, 

Pr< Liquefied propane precipitate troublesome waxes and asphalt 
from lubricating oil stock. Lubricants extracted w.th propane ate 
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thin enough to permit the starter to turn over a cold motor — and 
at the same time remain sufficiently viscous in a hot motor for 
proper lubrication. 

Chemicals from Petroleum. A large number of compounds 
are now being prepared — not merely separated — from petro- 
leum by chemical reactions. In fact we know how to make every 
known organic compound from methane. Chlorine is the great 
reagent in attacking aliphatic compounds (natural gas and 
petroleum) while nitric and sulfuric acids are very effective with 
the aromatics (coal tar products (benzene, etc.)). The cracking 
process started this new synthetic chemistry and now hydrogena- 
tion, chlorination, polymerization, sulfonation, and other 
processes add to the possibilities. 

For example, the isomeric pentanes stripped from natural gas 
may be chlorinated to the degree indicated below and the prod- 
uct treated with a base to yield amyl alcohol. This is readily 
converted into amyl acetate, a valuable solvent used in nitro- 
cellulose lacquers. 


CsH l2 + Cl. CoHuCl H- HC1 
CoI InCl + NaOH -> NaCl + C s H„OH 

Amyl Alcohol 

Reaction (2), below, represents the hydrolysis of the sulfate 
formed in ( 1 ) from propylene. A similar process for ethyl alcohol 
is only beginning to be utilized but for several years large quan- 
tities of isopropyl alcohol. C,H : OH. have been made by reactions 
with refinery propylene, G 3 H«: 

(1) C3H6+H0SO4 -> c:h 3 ch(oso 3 h)ch 3 

(2) CH 3 CH(0S0 3 H) -c:h 3 H- h .o — 

IT SO 1 + CH3CHOHCH3 

1'his isopropyl alcohol. C 3 H 7 OH, is a formidable rival in proper- 
ties to ethyl alcohol. One of the butyl alcohols, similarly prepared 
in laige quantity, is converted into a butyl acetate, an important 
solvent for the lacquer industry. Hydrocarbons, glycols, alcohols, 
ketones, ethers, esters, aldehydes, acids, amines, chlorinated 
compounds, vinyl resins, and their derivatives are possible. 

I he unsaturated hydrocarbons produced by thermal stripping 
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of some hydrogen from saturated hydrocarbons are especially 
useful in the preparation of many needed chemicals. Ethylene 
comes to mind as a valuable raw material but the propanes can 
be stripped to yield reactive propylenes and the butanes to yield 
butylenes. From the butylenes we make butadiene, so funda- 
mental in the manufacture of synthetic rubbers. 

Glycerol can be made by regulated chlorination of propene, 
followed by hydrolysis. This possibility serves as a price control. 

We know how to prepare benzene and toluene from n -hexane 
and n-heptane with the aid of proper catalysts and temperatures. 
Both are raw materials for the manufacture ol military explosives. 
One company is now preparing one hundred synthetic chemicals 
from the ethylene, propylene, and butylenes resulting from 


modern oil-refinery operation. 

Oil Shale. When our petroleum deposits are exhausted we can, 
if necessary, develop the enormous deposits of oil shale found in 
Colorado, Utah, Montana, Nevada, California, and Indiana. 
These are sufficient to last for centuries. The oil does not occur in 
the shale as such, but is obtained by retort distillation which 
breaks down complex organic compounds in the shale. Among 
the distillation products arc oils, ammonia, and luel gas. 

The Colorado shale, easily mined, covers an area of 1 
square miles with a possible yield of 24,000,000 barrels ol oil to 
the square mile. This area could furnish 300,000 000 tons of 
ammonium sulfate — a boon to the farmer. One barrel ol oil 
can be distilled from one ton of shale. Our Government is now 
operating a pilot plant. By cracking methods, our own shale 
could be made to last 400 years as a source of motor luel. 

Gasoline from Coal. The Fischer-Tropsch process produces 
water gas from coal, commercial 90 per cent oxygen and steam 
and catalytically converts this mixture into gasoline and dun 
fuel. The process is now applied to natural gas. 

Catalysis with iron, cobalt, or nickel up to 200 pounds pressure 
and at 350° F. yields a fuel of 40 -octane rating which can be 
cracked, isomerized, aromatized, and polymeiizc to give 
gasoline of 70-octane rating. This process will supply us with 
gasoline when petroleum is exhausted, pei haps jc oie. 
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OCTANE NUMBER 

-OCTANE 


too 


90 




70t 


go* 


Coal dust and coal tar have also been hydrogenated catalyti- 
cally by the Bergius process under 4500 pounds pressure at 

500° C. using metallic sulfides as ca- 
talysts. After further steps a 70-octane 
fuel is obtained (one barrel from 0.8 
ton of coal). 

Liquefied Refinery Gases. Propane, 
premium gasoline CsH 8 , and butane (or isobutane) , C 4 H 10 , 

have become important by-products of 
oil refining whereas formerly they were 
burned under boilers in the plant for 
steam-making purposes. Now these 
gases are compressed in steel cylinders 
or even in tank cars and sold as a con- 
venient source of gaseous fuel for homes 
outside the city. Small towns are find- 
ing it cheaper to distribute this gas 
through their local mains than to 
manufacture coal gas or water gas. In 
1926 only 465,000 gallons were sold in 
the United States while in 1948 
2,000,000,000 gallons were needed. 


sof 


40 


30t 


20 


ORDINARY 

GASOLINE 


HEPTANE 


Fir. 159. Octane number of 
gasoline. 


I sing the illustration below as a model continue as indicated. For Liquid 
1 url substitute I in Cans, Houses, Auto Bodies, Airplane Bodies, and 
Fabrics. 


Competition 


Old Sources: 


Gasoline 
Diesel oil 
Fuel oil 


r LIQUID FUEI 


(from petroleum) 



New Sources: 

Hydrogenated and catalyzed 
liquids from coal 
Liquids from catalyzed 
water gas (coke, steam) 
Alcohol, benzene 
Fats (when cheap enough) 


High-Octane Gasoline. High-octane gasoline is usually a 
blend of good stock with neohexanc (a dimethyl butane), iso- 
octane, or similar blending agent and, in all cases, tetraethyl lead, 


HIGH-OCTANE GASOLINE 
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Pb(C 2 H 5 ) 4 . See page 183 for the effect of lead. High-speed fight- 
ing planes require 100-octane fuel which has 25 per cent more 
power than 90-octane. The cruising range of transport planes is 
greatly increased by such fuel. Our own production of 100-octane 
gasoline in 1944 reached 600,000 barrels a day, giving us a 
tremendous advantage over the enemy. This production required 
10,000 tons of Pb(C 2 H 5 )4 yearly. 





Fig. 160. Iso-octane is made commercially for the swiftest airplanes. 


Iso-octane, once a laboratory prize at $30.00 a gallon, is now 
produced in great quantity at low cost. Its rating as an anti- 
knock fuel was set as 100-octane, the standard. 


Exercises 

6. What were the most valuable petroleum products fifty years ago? What 
are they today? 

7. What will replace petroleum when it is exhauster!? 

8. What chemical products (steel, etc.) does the motor-car industry use? 

9. A candle weighing 80 g. consists of wax composed of 85 per c ent carbon 
and 1 5 |K-r cent hydrogen. What weight of 0/) carbon dioxide and (/') water 
will be formed by burning 40 per cent of the candle? 

10. How many g. of aluminum carbide (Al.Ca) would react with water to 
form 83 liters of methane at 1 5° and 740 mm.? 

11. What volume of CO, is formed by the combustion of 10 g. of Calls? 

12. Name several useful substances synthesized from by-products of the 
petroleum refinery. 
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13. What type of valence operates in hydrocarbons? 

14. Explain cracking, polymerization, and solvent refining of lubricants — as 
practiced in a modern petroleum refinery- 

15. There are three possible isomeric pentanes and these are known (C 5 H 12 ). 
Give their structural formulas, maintaining valences of four for carbon 

and one for hydrogen. 

16. Why are ethylene, propylene, and butylene important? 

17. How can a 70-octanc gasoline be raised to 100-octanc? 

18. How can we make gasoline from natural gas? From coal? 
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Chapter 52 


RUBBER 


Columbus observed West Indian natives playing with balls 
raw rubber. Later, Priestley, noting that pencil marks could 3e 


rubbed out with this strange 
stuff, called it “rubber.” It re- 
mained practically useless until 
1839 when Charles Goodyear, 
an American inventor, discov- 
ered by heating raw rubber 
with sulfur that the elastic 
strength was greatly increased 
and the warm-weather sticki- 
ness and cold-weather brittle- 
ness disappeared. He also 
discovered that on “ filling 
the rubber and sulfur with 
certain oxides of lead, it “vul- 
canized” or reacted with sul- 
fur in much less time and 
gained better wearing qualities. 
Thereby he laid the founda- 
tions for a billion-dollar in- 



Fig. 161. Natives tapping latex from 
plantation rubber trees in the East 
Indies. (Courtesy Commercial National 
Bank and Trust Company of New 
York.) 


dustry. . , , • 

Rubber occurs in the sap or latex of the rubber tree (grow 

Brazil and the East Indies), and in many other plants. The latex, 
a milky emulsion of 32 per cent rubber in water with a little Pro- 
tein, is coagulated (the solids separate from the water) by smok- 
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ing or by natural souring or by addition of acetic acid. When wild 
Brazilian trees were the only source the natives used the first two 
methods, but when 95 per cent of the world’s 800,000 tons of raw 
rubber, of which the United States used 600,000 tons, was ob- 
tained from cultivated plantations in the East Indies the acetic 
acid method was preferred. The coagulated mass is washed, 
masticated between rollers, and compounded with sulfur and 
with fillers, such as zinc oxide and fine gas black (carbon black), 
and with an accelerator to speed up vulcanization. The dough 
is then molded and heated to about 140° C. The vulcanization 
now possible in several minutes took three hours or longer with- 
out accelerators. It is estimated that the saving to the world in 
time, equipment, and wear is not less than 5200,000,000 an- 
nually — a great service rendered by Oenslager and others by 
their discovery of accelerators. 

It is not to be thought that zinc oxide, carbon black, barium 
sulfate, white lead, and the other fillers are added merely to 
cheapen the product. They add strength and wearing qualities 
to a high degree. A tire made of pure rubber and sulfur would 
not run a thousand miles. The smaller the particle of a filler the 
better its effect. We know that rubber is (CsH*),, but the chemis- 
try of vulcanization is still in dispute. 

It is probable that in natural rubber there are approximately 
2000 isoprenc, CoH s , molecules linked together, corresponding to 
a molecular weight of 136,000. 

Usually rubber was separated from the natural latex in the 
East Indies, yet 100,000,000 pounds of latex, preserved with a 
little ammonia, etc., have been shipped in tankers in a single 
year to the United States. Sponge rubber is made directly from 
latex. 

Chlorinated rubber and rubber hydrochloride are recent and 
extremely useful modifications. They are properly classified with 
Plastics, page 650. 

SYNTHETIC RUBBER 

Our war with Japan cut ofT importation from the East Indies 
of 97 per cent of the 600,000 tons of natural rubber previously 
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used in a normal year. Since trucks, tanks, jeeps, planes, battle- 
ships, and hospitals, as well as ordinary motor cars, must have 
rubber, the war might have been lost but for the rapid develop- 
ment of the very small synthetic rubber industry. Early in 1945 
our annual rate of production probably passed the 900,000-ton 
mark, yet so great was the military need that civilians were 

allowed very little rubber. 

In 1948 we used 355,000 tons of synthetic rubber and 650,000 

tons of natural rubber. The demand increases. 

The term, “synthetic rubber,” is misleading because the severa 
varieties of new products are chemically different from natura 
rubber. Nor is it fair to call them substitutes, considering that 
some of them are superior to rubber in resistance to oils, oxida- 
tion, and light, while one, at least, is stronger as temperature rises 
and stands bending better than does natural rubber. 

Natural rubber is a polymer (long-chain aggregate ot iso- 
prene, CsH„. Vulcanization involves the reaction of sulfu. with 
the unsaturated isoprene, the sulfur atom serving to tie parallel 

chains together with increased strength. ...... 

Since a number of these synthetic rubbers have as heir build- 
ing brick or unit (the monomer) butadiene, C,H,i, which is pu- 
pated from petroleum or alcohol or from starch by a special 
ferment, consideration of synthetic rubbers naturally follous a 

study of petroleum refiningf monomers shows 

A comparison ol a lew oi 
how the chemist imitates and improves on naiim 


« < 


MONOMERS,” POLYMERIZED INTO CHAINS COMMERC1AI NAME 

Butadiene CH^=CH-CH=CH, - Buna S (aided by surer), GRS 

Isoprene CH*=C(CH.)— CH=CH : - Natural r. ub *r 

{ r' i_i f'f ' I PH=CHi —♦Neoprene ruumr 

Acrylonitrile "h'Xn - Bun., N rubber (aided by buiadu-ne) 


Polymerization is brought about by catalysts at tlu p opr . 
temperature. Imitating nature, some manufacturers prepare an 
emulsion of the monomers in water (similar to natura UM-nd 
carry out polymerization with this mixture. Naliona! mdepend- 
ence of East Indian rubber is possible whenever that supply is 

cut ofT. 
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Synthetic rubber is now being vulcanized at 14° F. or below 
instead of the usual 122° F. in order to give tire treads consider- 
ably increased wear. 

Natural rubber is more elastic, stretches better, and does not 
readily overheat in heavy truck tires, whereas many synthetic 
rubbers are more resistant to oils, air, light, and to many chem- 
icals. However, the synthetics are more difficult to fabricate. 

Buna S (also called GR-S), polymerized from a mixture of 
three parts butadiene and one part styrene, is excellent material 
for tires except for those used in rough service on heavy trucks. 
It is being improved. 

Neoprene, in limited production for several years before 
World War II, has remarkable oil resistance and excellent abra- 
sion resistance. It is derived from acetylene, C 2 H 2 (page 587). 

Butyl rubber, product of the petroleum refinery, using iso- 
butylene and a very little butadiene as units for polymerization, 
makes excellent inner tubes that hold air better than natural 
rubber. 

We have the necessary raw materials for all these synthetics. 
Butadiene is derived from butane or butylene of the oil refinery; 
styrene from benzene and ethylene; acrylonitrile from acetylene 
or ethylene. 

A number of flexible plastics such as Koroseal, Pliofilm, 
Thiokol, Vistanex, and others can substitute for rubber in 
products other than tires. 

Most hose for delivering gasoline or spray lacquers is lined 
with synthetic rubber because of its superior resistance to de- 
terioration. Bullet-proof fuel tanks in planes are lined with 
neoprene but between this layer and the outer one is a layer of 
raw natural rubber or of Perbunan synthetic which swells in 
contact with leaking gasoline and seals the puncture. 


HG 

CH 

~\ 

H H 

1 1 

H H H 

1 1 1 

H 

1 


HC\ 

__^C- 

-C=C + c=c c= 

=C - 

-> Buna-S rubber 

C 

H 

CH 

H 

H 

H 

GR-S 


Styrene 


Butadiene 
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H 2 C=CH — C=N -+- Butadiene — ► Buna-N rubber 

Acrylonitrile 

H CH 3 

c=c + Butadiene — > Butyl rubber 

| | (Small fraction) 

H CH 3 

Isobutylene- 

Acetylene — > Chloroprene — > Neoprene rubber 


Rubber Competition. The price of natural rubber has fluctuated from SI. 23 
per pound in 1918 to S0.03 in 1932. The success of synthetic rubbers has been of 
great economic service in eliminating such price fluctuation — and has made us 
independent of foreign sources. In 1946 synthetic GR-S could be sold lor 18.3 
cents per pound and it will, with the rapid technical progress being made, soon 
sell for less. Natural rubber currently is priced at 20 cents but, as plantations 
are restored, it may be expected to drop considerably in price. I he world could 
make 3,000.000 tons yearly with present capacity ol synthetics yet needs on y 
half that tonnage of all rubbers. Both types will have large use because tires 
in this country at least, may have synthetic treads (abrasion resistant), natural 
rubber carcasses (side walls), and butyl rubber inner tubes (best an retention). 
Flexing of natural rubber side walls produces less heat (and destruction) than 
is the case with side walls of the synthetic material. 


Exercises 

1. Are the synthetic rubbers chemically the same as natural rubber 2 

2. What are the raw materials used in making Buna S? Neoprene 2 Butyl? 

3. What monomer has nature polymerized to make natural rubber? 

4. What arc the sources of butadiene? 
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Chapter 33 


THE AROMATIC 
HYDROCARBONS. FUELS 


The aromatic compounds, with carbon atoms connected in rings 
instead of chains, react more readily with mtnc and sulfuric 
acids than the aliphatic compounds, hence their derivatives «e 
developed first. However in the last quarter century ."tensive 
research in petroleum chemistry has had remarkable success. 

Benzene, C.H., and Its Series. Benzene was discovered in 
1825 by Faraday, and about twenty years later was fou " d b > 
A. W. Hofmann in the gases distilled from coal. It is a c ° °‘ ^ 
liquid lighter than water and insoluble in water, of a slight odoi 
Xt unpleasant), melting at 6°, boiling at 80.4°. It burns with a 
smoky flame and is an excellent solvent for grease, resms, and 
rubber. It has long been used in paint and varnish remove. s and 
in the manufacture of artificial leather. Benzene vapors are toxic. 

Chemically benzene must be classed as an unsaturated hydro- 
carbon, since it is capable of adding on six hydrogen atoms or 
six bromine atoms per molecule. But it reacts with nitric acid bs 
substitution to form nitrobenzene, CsHiNO., and this in ui n is 
reduced by active hydrogen to aniline, Cr.Ht.NH,, the motile, 
substance of a host of beautiful "aniline dyes. It can also be 
attacked by hot concentrated sulfuric acid and other reagen s. 
In fact nearly one-half of all carbon compounds are derivatives 

of benzene: 

Cc.Hc + HNOa -> CcH:,N 0 2 + H.,0 
Cr,H .-,N0 2 + 3 H-2 — > CcHoNH-. + 2 I I . O 

A very interesting line of evidence shows us that the six atoms 

of benzene are tied together in a ring, very different from t u 
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chains of carbons in the methane series. A comparison of a few 
structural formulas of benzene and its derivatives will be worth 
while: 


H 

I 

H 

1 

S \ 

J\ 

H— G G— H 

H— G G— NO 

1 II 

H— G C— H 

H-i C— -H 

\ / 

\ / 

G 

c 

1 

H 

H 

Benzene 

Nitrobenzene 


The influence of position of groups in the benzene ring is well 
illustrated by the powerful medicine sulfanilamide and its physio- 
logically inactive isomers, orthanilamide and metanilamide: 


H 


H 


H 


^ C \ 

C C— H 


C 


C— H 

\ / 

C 


H 

Benzene 


NHo 

nh 2 

NH, 

✓\ 

^\so 2 nh 2 

f\ 


X/ 

sJ 

X/ 

so 2 nh 2 

so 2 nh 2 



Sulfanilamide 

Orthanilamide 

Metanilamide 


In the abbreviated formulas for these compounds the CH 

groups of the ring are merely understood, for the sake of empha- 
sis. 

Our 1 50,000,000 gallons of benzene (benzol, as the public calls 
it) aie consumed as an anti-knock addition to our motor fuels and 
as i aw material for manufacture of dyes, medicines, etc. 

Toluene, C 6 H 5 -CH S . This colorless liquid, boiling at 110°, is 
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COAL TAR 

closely associated with benzene in its manufacture from bitu- 
minous coal and closely resembles benzene in many properties. 
Its special interest to the public is as the source of one of the 
world’s greatest explosives, “TNT” (trinitrotoluene). 

Our supply of toluene from coal distillation (coke ovens) is 
quite inadequate for a major war, so it is fortunate that we have 
learned how to prepare it in much larger amounts from pe- 
troleum: 

Coal Tar. The most modern coke ovens consist of banks of 
narrow brick chambers each about 40 feet long, 10 feet high, and 
1.5 feet wide. Each chamber holds 12-18 tons of bituminous coal. 
The ovens are separated by a scries of vertical flues in which gas 
is burned to furnish the heat for coking. The newest ovens coke 
the charge in 17 hours. Now 97 per cent of our coke is made in 

these by-product ovens. 

The volatile products are washed with water to catch am- 
monia and some tar, and with heavy oil to catch most of the 
benzene and toluene. (The ammonia is first absorbed in wash 
water from which it is afterwards driven ofT by addition ol lime 
and the passage of steam through the liquor.) The tar is con- 
densed and the remaining coal gas finally purified for use as a 
fuel. Coal tar is a black, disagreeable mass, but compounds re- 
covered from it are used to make the most delicate colors the 
world ever saw and some of the most beneficial medicines as well 
as dainty perfumes. The blackness is due to free carbon. On 
redistilling the tar the following products, given in order of 
volatility, are obtained : 

Light oil containing a small part of the benzene and toluene 
Middle oil containing phenol (carbolic acid) 

Heavy oil containing creosote 
Anthracene oil 
Residue of pitch 

The residue after distillation may be a sort of asphalt and even 
petroleum coke. A year’s production of petroleum asphalt, rival 
to natural asphalt, may be 4,000,000 tons. 


1 . 

2. 

3. 

4. 

5. 



608 THE AROMATIC HYDROCARBONS. FUELS 

The middle oil yields carbolic acid (phenol) used as a disinfec- 
tant and as a source of the explosive, picric acid (trinitrophenol). 
Road building usually requires 200,000,000 gallons of tar 
annually. 

Phenol. The phenol resulting directly from distillation of coal 
is insufficient for our needs of 300,000,000 pounds per year so 
more is produced by the treatment of benzene with sulfuric acid 
followed by alkaline fusion to introduce the hydroxyl group. 
However, the major process is the conversion of monochlor- 
benzene, CsHfCl, into phenol. 

Phenol is important since it reacts with formaldehyde to yield 
the important plastic, bakelite (see page 650). 


H 

H 

A 

A 

/ \ 

s \ 

H— C C— H 

H— C C • OH 

H-i i-H 

1 II 

H— C C— H 

% / 

\ / 

c 

C 

H 

H 

Benzene 

Phenol 

The heavy oil or creosote 

(phenolic type), is in great demand 


as a wood preservative for railroad ties, etc. 
FUEL GASES 


Coal Gas. This most volatile fraction of the distillation of 
“soft” coal is a valuable fuel. It is largely hydrogen and methane, 
with a little ethylene, benzene, etc. Its composition varies with 
the coal and the temperature and the rapidity of coking. Higher 
temperatures favor decomposition of the hydrocarbons, increas- 
ing the percentage of hydrogen and reducing the illuminating 
power, but greatly increasing the volume of gas. Nearly half this 
gas is used to heat the retorts but, where the local market justifies 
it, the cheaper producer gas may be used for retort heating, thus 
releasing the entire output of coal gas for the market. 
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Water Gas. Water gas is prepared by burning coke with a 
forced draft of air until the bed of coke is almost white-hot (Fig. 
163). The carbon dioxide formed is allowed to waste. Next, the 
air is shut off and steam is forced through the coke for five or six 
minutes. At about 1000° the reaction proceeds, but when the 



Fig. 163. Water gas. (From Blanchard and Wade, Foundations of Chemistry. Copy- 
right. By arrangement with American Book Company, Publishers.) 

coke falls much below this temperature the reaction stops. The 
steam is then shut off and air turned on until the coke is again 
nearly white-hot. The generation of water gas is intermittent: 

C + HoO — > CO + H 2 

This gas is used for domestic cooking and lighting by some 
cities, although coal gas and natural gas compete. Water gas is 
extremely poisonous before burning, due to its carbon monoxide 
content, so small leaks in flexible gas-tube connections are dan- 
gerous. Why are its products of combustion non -poisonous? 

Water gas is a raw material for the manufacture of methyl 
alcohol and synthetic liquid fuels and is the American source of 
hydrogen used in making ammonia. 

Producer Gas. In a bed of coal five or six feet deep, the lower 
layers may be red-hot while the upper layers are not burning at 
all, possibly only suffering distillation of their volatile matter. 
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NATURAL GAS AND LIQUEFIED OIL GAS 


If no flame plays over the surface, the escaping gas has good fuel 
value. Carbon dioxide formed in the lower layers is reduced, by 
the excess of hot carbon above, to the valuable carbon monoxide. 
Some coal gas is distilled from the coal in the upper layers. All the 
nitrogen of the air used is found in the producer gas. making up 
nearly half its volume, hence the heating value is low — but the 
cost is also low. The best economy is to use this gas while it is still 
hot, thus saving all its sensible heat. In other words, it docs not 
pay to pipe it for a distance. Even lignite can be converted into 

producer gas. 

A “semi-water gas” is made by blowing some steam with the 
air through the deep fuel bed in the producer-gas process. Reac- 
tion with the steam adds hydrogen from the water and more 

carbon monoxide. 


In times when gasoline was scarce in certain countries thousands ot "gaso- 
gcnc” or charcoal -burning devices were used to furnish fuel to propel motor 
vehicles. With a regulated air supply carbon monoxide or, if some steam was 
introduced, a water-gas mixture resulted. This gaseous fuel was then exploded 

in the motor cylinders. 


Blast Furnace Gas. This is a sort of producer gas taken trom 
the top of a blast furnace used in iron making. Here we have a 
blast of air rising through a deep bed of coke and iron oxide. 1 he 
product is a mixture of nitrogen, carbon dioxide, and carbon 
monoxide. About one-fourth of the mixture has fuel value and it 


is used in the plant to operate gas engines or to generate steam. 

Oil Gas. Petroleum distillates may be “cracked,” by heating 
them in the absence of air, to form fuel and illuminating gases. 
Such products are known as “pintsch gas,” “blau gas,” etc. 

Natural Gas and Liquefied Oil Gas. See pages 584 and 596. 


Competition 


Processes to make: 

Natural 
Coke oven 
Coke-steam 
(water 
Producer 
Oil refinery 



I ii competition with : 

Coal 
Petroleum 
Electricity 
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Energy Sources. In 1920 coal furnished 80 per cent of the 
United States’ energy requirements. By 1947 the proportion was 
47 per cent from coal, 30 per cent from petroleum, 10 per cent 
from natural gas and 12 per cent from hydroelectric sources. The 
future will owe much to atomic power and, perhaps, to gas 
generated at the coal mines. 

Flames. The shape of a flame is determined by the boundary 
between two gases which are reacting with the evolution of light 
and heat. It does not matter whether a jet of hydrogen burns in 
an atmosphere of oxygen or a jet of oxygen burns in an atmos- 
phere of hydrogen. The shape of the flame and the products are 




the same. It may be objected that solids also burn, but when 
flame is produced, as with wood or coal, it will be found that 
inflammable gases are distilling from the solid. Thus the flame of 
a candle is a gas flame. At the tip of the ordinary kerosene lamp- 
wick the heat of the flame vaporizes the liquid into gas. With 
hydrocarbons flames of at least three zones result. This is to be 
expected when we remember that hydrocarbons are ‘‘cracked” 
or decomposed by heat. There must be a zone of decomposition 
into ethylene, hydrogen, etc. This may be illustrated by using a 
Bunsen burner with air inlets open; the inner bluish-green cone, 
A, is sharply defined. With less air admitted, a luminous cone, B y 
envelops this, while surrounding the latter is a sheath of perfectly 
burned gases, C, almost invisible (Fig. 164). 



SAFETY LAMP 
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Smithells made clear that in A there is some burning of the gas, 
as some carbon monoxide is present there, but cracking of the 
hydrocarbons into ethylene, acetylene, and hydrogen also occurs. 
In B (luminous cone) the carbon monoxide and hydrogen are 
burned, while the ethylene and acetylene are cracked into hy- 
drogen plus carbon. It is largely due to the incandescence of this 
free carbon that the flame is luminous. A cold dish pressed into 
this zone becomes coated with carbon, since the carbon is cooled 
below its kindling temperature. The student will recall similar 
experiments with the flames of hydrogen sulfide, arsine, and 
stibine. (What were they?) Finally the hydrogen and carbon are 
completely burned in the outer sheath C. 

There is a small cone of unburned gas at the tip of the burner 
and a match head may be held in this without ignition. 

The hottest parts of a flame are just above the tip ol B and 
about the middle of the outer sheath. Here the Bunsen flame 
reaches 1560° or 1570°. At the top of the burner the temperature 
is only 300°. When too much air is admitted to the base ol the 
Bunsen burner the ‘‘ignition wave” sometimes travels downward 
faster than the gas flows upward. The result is that the flame 
strikes back and burns down in the Bunsen tube with an unpleas- 
ant odor and decided heating of the metal. The Mckcr burner 
prevents this by a heavy metal grid on top which cools any 
ignition wave so that the flame cannot run down the tube. Con- 
sequently much air may be admitted at the base and hotter 
flames obtained (as high as 1775°). 

Safety Lamp. The principle of the Mcker grid can be shown 
by thrusting a wire gauze halfway down on a flame. No flame ap- 
pears above the gauze simply because the gas is cooled below its 
ignition temperature. Sir Humphry Davy in 1815 surrounded the 
coal miner’s lamp with a heavy gauze and thus made it sale to 
carry such a lamp into coal mines containing fire damp (meth- 
ane). Any methane diffusing through the gauze burns on the 
inside of the cage, but not on the outside, as the gauze chills the 
gas below its ignition point. 

Flame arrestors of corrugated sheets of aluminum packed like 
a honeycomb are used today in the breathing tubes ol oil tanks. 
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A plug of porous ceramic ware or of steel wool placed in a tube 
through which any inflammable gas is passing would also serve 

as a flame arrestor. 

Exercises 

1. What arc the natural sources of hydrocarbons? 

2. Why not use coal tar as a fuel? 

3. If a gas containing some sulfur compounds were burned, would the 
products of combustion be unsafe in the house? Why? 

4. Could a water-gas plant and a coal-gas plant cooperate to advantage? 

5. If you cracked natural gas (CH.) in the presence of steam, what products 
could you reasonably expect? 

6. Toluene from coal tar would not supply war needs. Have we another 
adequate source? 

7. What are the structural formulas of benzene, toluene, monochlor-bcnzene, 
phenol, aniline? 

8. How is aniline prepared from benzene? 

9. When benzene is ignited, the carbon is converted into carbon dioxide and 
the hydrogen into water. What weight of air would be required for the 
combustion of 250 g. of this hydrocarbon? 

10. Why is phenol important? Toluene? 

11. What is the liquefied gas sold for cooking in isolated homes? 
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Chapter 54 


ALCOHOLS, ACIDS, 
FATS, AND SOAPS 


There are probably 500,000 compounds of carbon, called “or- 
gan"' compounds because prior to ,828 it was thought that they 

were organized or built up only in living 

It was in 1828 that Wohler synthesized urea, CO(NH s )n, a 
thus started an era of laboratory organic syntheses that has given 
the world countless useful substances never known in nature It is 
a remarkable fact that carbon compounds constitute more than 
nine-tenths of all substances. We live in a carbon system and a 
water system but others are conceivable, if inferior. 

Organic chemistry is fundamental to biology, phys.olog> med- 
icine, pharmacology, and agriculture, yet the sheer b t ty of 
logical reasoning involved in its study would alone jusul> 
development of the subject. 

Derivatives of the Hydrocarbons. Methane slowly reacts with 
chlorine, first one atom of hydrogen being replaced by chlo.ine 
and, with longer treatment, all four hydrogen atoms being ic- 

placed : 

II H 


II 


G— H 4- Cl 2 — > H— C— Cl H- HC1 


H 


II 


CH, + Cl*-* 
CH 3 C1 + Cl, -> 
CH*C1* + Cl 2 — ► 
CHCI 3 + Cl, -* 


pi Cl 4- CH 3 CI, methyl chloride 
HC1 4- CH,C1„ methylene chloride 

PI Cl 4- CHCh, chloroform 
HC1 4 CCI 4 , carbon tetrachloride 
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Chlorinated hydrocarbons such as carbon tetrachloride and 
trichlorethylene, are used in dry-cleaning and, during war, in 
degreasing tanks, guns, etc., shipped across the oceans. 

Ethane reacts with chlorine in the same way: 

C 2 H 6 4 Cl 2 -* HC1 + CjHjCl, ethyl chloride 

Chloroform and carbon tetrachloride are not made commer- 
cially by the above methods, but they may be so prepared. 
It will be noted that a new group is found in methyl chloride, the 
monovalent methyl group (CH 3 ). Also in ethyl chloride is found 
the monovalent ethyl group (C 2 H 5 ). Methyl, ethyl, propyl, and 

similar radicals are called “alkyl” groups. 

Starting with methyl chloride (which does not ionize as does 
sodium chloride), we can make methyl alcohol very simply (but 
not profitably). Ethyl alcohol can be formed in a similar manner: 

CH3CI 4 NaOH NaCl + CH 3 OH 
C2H5CI + NaOH — > NaCl 4 C 2 H 5 OH 

As it happens, there are better methods of preparing these im- 
portant and famous (or infamous) alcohols, but this one is valu- 
able in showing us the structure of alcohols: 

H 

-> NaCl 4 H— C— OH 

H 


H 


H— C— Cl 4 NaOH 


H 


Knowing the structure of methane to begin with, the structure 
given for methyl chloride follows, and hence we are positive that 
in methyl alcohol the hydroxyl radical must be attached directly 
to the same carbon atom that holds the other hydrogen atoms. 
By the same logic we are confident that the structural formulas 
given in the following equation are correct: 


H H 


H H 


H— C— C— Cl 4 NaOH NaCl 4 H— C— C— O— H 


H H 


H H 



617 


DERIVATIVES OF THE HYDROCARBONS 


Having learned the general structure of alcohols, we can now 
proceed to show what will happen if we oxidize them (as with 
sodium dichromate and sulfuric acid) : 

CH 3 OH + (O) - 

► H-CHO + H.O, H— 0=0 

Formaldehyde 

H 


H 

C_.H-.OH + (O) -> 
• 

CH 3 CHO + H.O, H C C— O 

Acetaldehyde | | 

H H 


Thus we see that two hydrogen atoms are removed from each 
molecule of an alcohol yielding as oxidation products, aldehydes, 
the first being formaldehyde, H • CHO, and the second, acetalde- 
hyde CH 3 CHO. In each, and indeed in all aldehydes, the same 
group (—CHO) is found, so if “R” stands for any radical, CH 3 — 
or CoH b — , etc., we might clearly represent any aldehyde as 

R • CHO. . c 

More vigorous oxidation of alcohols or of aldehydes produce 
another familiar class of compounds, the organic acids: 

CH 3 OH + O, — > H • COOH + H,0, H-C-O-H 

O 

H 

C,H & OH + 0 2 ^ CH 3 COOH + H.O, H- C— C— O— H 

H O 


CHI.OK1NE 

DER1VATIVKS 

Mclhyl chloride, 
CH»C1 

Ethyl chloride, 

CsHtCl 

Propyl chloride, 
C,H 7 CI 

Butyl chloride, 

C«H.C1 

RC1 


ALC0II015 

Methyl alcohol, 
CH3OH 
Ethyl alcohol, 

CsH»OH 

Propyl alcohol, 
C3H7OH 
Butvl alcohol, 
C4H9OH 
R OH 


AI.DK1IYDES 

Eorinaldehyde, 

H CHO 

Acetaldehyde, 

CHi-CHO 

Propionaldehyde, 

CjHi-CHO 

Bulyraldehydc, 

C 3 H;C:llO 

R-CHO 


ACIDS 

Formic acid, 

H COOH 
Acetic acid, 

CM 3 COOH 

Propionic acid, 
CJlsCOOH 
Butyric acid, 
CjHjCOOll 
R COOH 
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The first is formic acid, H-COOH, and the second is acetic 
acid, CH3 COOH. In nearly all organic acids we find the car- 
boxyl group ( — COOH). An important point to remember is 
that in these acids it is only the hydrogen atom in each carboxyl 
group that ionizes. The hydrogen atoms in the radicals never 
ionize. This is why the formula for acetic acid is frequently 
written as H C4H3O2, setting apart the ionizable hydrogen. 
However, we prefer to use its halfway structural formula, 
CH3COOH. 

9 

Exercises 

1 . Start with propane and show, step by step, how to make an acid from it. 
Give the exact structure of each compound. 

2 . From what hydrocarbon could you make acetic acid? Give the steps. 

The Alcohols. The alcohols remind us of inorganic bases in 
their structure but not in their action: 

( 1 ) C 2 H & Br + KOH — ► KBr + C 2 H 5 OH 

( 2 ) NH,Br + KOH -* KBr + NH,OH 

There is a good deal of similarity between the above reactions, 
but there is this fundamental difference: reaction (2) is between 
ions, but ethyl bromide (ChHsBr) docs not ionize, so it reacts as a 
molecule. When the products are examined it is found that the 
ethyl hydroxide or ethyl alcohol does not affect litmus paper, does 
not conduct electricity, and, in short, does not ionize at all. It 
appears, then, that a hydroxyl group attached directly to a 
hydrocarbon radical has very different properties (alcoholic) 
from a hydroxyl group attached directly to a metal (basic) or 
even to a non-metal (acidic). Any simple alcohol may be repre- 
sented by the general formula R OH, where “R” is CH3, C 2 Hs, 
etc. Strange to relate, there are alcoholic groups in the sugars 
and in cellulose. 

Methyl Alcohol (Methanol), CH s OH. In commercial prac- 
tice this alcohol has been made by the retort distillation of wood, 
hence its common name, “wood alcohol/’ The distillation of 
wood to yield charcoal parallels the distillation of coal to yield 
coke. 
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ETHYL ALCOHOL (ETHANOL), C.H.OH 

In 1924 there was developed a catalytic process for preparing 
methyl alcohol by the direct union of carbon monoxide and hy- 
drogen under considerable pressure in the presence of zinc oxide 
and copper, or other catalysts: 

2 Ho + CO — > CHa-OH 


E»it 

Water 


Wafer Ouit'1 
1/ , CoMenve' 


Reluming liquid 
fro"> Partut 
Condenser 


A very pure product is prepared in commercial quantities at a 

cost lower than by wood distillation. 

Methyl alcohol (CH,OH), a colorless liquid boiling at 67.4, 

is miscible with water in ail proportions, is intoxicating, and ex- 
tremely poisonous. It is much used 
as a solvent in varnishes, and as the 
starting point in the manufacture of 
formaldehyde. 

In 1947, over 500,000,000 gallons 
of synthetic methanol were produced 
and only 2,500,000 gallons of crude 
methanol from wood. The price fell 
from $1.10 to $0.33 per gallon. The 
wood-distillation industry would 
cease to exist were it not for wood 
charcoal, necessary in the manufac- 
ture of a certain quality ol steel. 

Ethyl Alcohol (Ethanol), 

C 2 H 8 OH. Ethyl alcohol which is 
commonly known as “grain 
alcohol,” is a colorless, inflammable 
liquid boiling at 78° and miscible 
with water in all proportions. It is 
not poisonous, although when taken 
to excess in strong beverages the 
effect on the system is distinctly in- 
jurious. Like lire, alcohol is a good 
servant, but a bad master. Asa ser- 
vant it is one of the best solvents in 
the laboratory and the starting point in the manufacture ol many 
useful compounds. Internal-combustion motors can use it, with 



Pctu'fifl L'Qu'd 
from Column 


Inf* in jl Sffam 

Coil luf 


Fig. 166 . Column still. IT»<- more 
readily condensed water vapors 
return to the still while the more 
volatile alcohol vapors reach the 
condenser. 
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certain adjustments, and when our coal and oil deposits are ex- 
hausted the world will probably turn to cheap alcohol as a power 
fuel. It can be made from the starch and cellulose and sugars of 
plants, hence the sun’s heat and power can be utilized in this way. 

Alcoholic fermentation of sugars supplies us with a great part 
of the ethyl alcohol used. Glucose is the only common fer- 
mentable sugar, so cane sugar, malt sugar, starch, and cellulose 
must all be converted into glucose before they can yield alcohol. 
The reactions involved are given later. The column-still concen- 
trates the 10 per cent alcohol content of fermented “mash” to 

95 per cent industrial alcohol. 

The capacity of plants making alcohol from ethylene (from 
petroleum refineries) is 100,000,000 gallons. In the past we 
produced 200,000,000 gallons yearly from grains and molasses, 
but war needs (synthetic rubber, explosives, etc.) called for 
600,000,000 gallons in 1944. Production is now back to normal. 

The Fischer-Tropsch catalytic process of making liquid fuels 
from natural gas may yield a great amount of alcohol as a 
by-product. 

The manufacture of the smokeless powder for a single 12-inch 
shell requires a barrel of alcohol, much of which is recovered. 


Competition 


Processes to make: 

Fermentation 

(molasses, grain, 
potatoes) 

Synthesis 

# 

from ethylt*nt* 
Sawdust — > .sugars 



ETHYL 
ALCOHOL 


In competition with: 

Methanol 
Glycerine 
Ethylene glycol 
Isopropanol 
Other organic solvents 



Absolute alcohol, when listed for taxation by our government, 
is termed “200° proof” and the ordinary 95 per cent alcohol 190° 
proof. The standard is 100° proof or 50 per cent alcohol by 
volume. 

In some countries it was desired that alcohol should be added 
to gasoline, but the ordinary 95 per cent alcohol ot commerce 
does not mix with gasoline, so absolute alcohol must be prepared 
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at some additional cost. Removal of the last 5 per cent of water 
by distilling over quicklime is too expensive. 

The problem was solved in France by distilling the 95 per cent 
alcohol in the presence of water-insoluble liquids (such as the 
benzene from coal tar). Benzene, water, and alcohol form a ter- 
nary mixture (of 74.1 per cent, 7.4 per cent, and 18.5 per cent) 
boiling at 64.9° C. Benzene and alcohol form a binary mixture 
(of 67.6 per cent and 32.4 per cent) boiling at 68.2° C. Using an 
efficient fractionating column the ternary mixture comes of! first, 
carrying all the water with it; then comes the binary mixture, 
carrying the remainder of the benzene; and absolute alcohol is 
left behind. By regulating the supply of alcohol and benzene the 
process is made continuous. Such constant-boiling mixtures are 

“azeotropic.” Methylene di- 
chloride can be used in place 
of the benzene. 

This useful method of 
azeotropic distillation is now 
applied to the dehydration 
of acetic acid and other 
separations ol mixed liquids 
where similar principles 
hold. 

Other Alcohols. Glycerine 

(glycerol, to be exact) is an 
alcohol, although we are in- 
clined to forget that fact, 
since it is non-intoxicating. 

Its structure shows the pres- 
ence of alcoholic hydroxyl 
groups, three of them in each 



Fig. 167. Yeast cells multiply with enor- 
mous rapidity l>y budding. They quit 
working when they ferment a liquor to 
15 per cent alcohol. 


molecule. Glycerol is a color- 
less, syrupy liquid of sweetish taste. Since it is hygroscopic it 
remains moist and is often put in mixtures because of this prop- 
erty. It is also a leather softener. A great deal is used in tobacco, 
in some medicinal preparations, in making nitroglycerine, syn- 
thetic resins, cosmetics, and for hydraulic mechanisms ol autos 



622 


ALCOHOLS, ACIDS, FATS, AND SOAPS 

and guns. Both glycerol and glycol are much used in anti -freeze 
solutions for autos. When fats are broken down in the soap mak- 
ing process, glycerol is a by-product. It is now possible to make 
great quantities of glycerol from certain products of the petro- 
leum refinery. Over 170,000,000 lbs. were produced in a recent 
year. 

The alcoholic hydroxyl group also is found in the sugars. A 
comparison of structural formulas of ethyl alcohol, glycerol, and 
a typical sugar such as glucose is interesting. Ethyl alcohol may 
be represented as C2H5OH or CH3-CH 2 OH. 





ch 2 oh 

ch 3 

CHoOH 

CH.OH 

CHOH 

CH.OH 

CH 2 OH 

CHOH 

CHOH 

Alcohol 

Glycol 

1 

ch 2 oh 

C^HOH 



Glycerol 

(tlHOH 




CHO 


Glucose 


Ethylene Glycol, very similar in properties and structure to 
glycerol, is now made in large quantities by cracking natural gas 
to ethylene, treating the ethylene with hypochlorous acid, and 
hydrolyzing to glycol: 

CH, CHoOH CH-.OH CH.OH 

!| +HOC1— > i | -> | + NaCl 

CH, CH,C1 CHoGl + NaOH CH.OH 

This glycol is produced to the extent of 300,000,000 lbs. yearly, 
mainly for anti-lrecze purposes. 

The monoethyl ether of glycol (“cellosolve”) is widely used as 
a solvent in lacquers. Glycol dinitrate is used to the extent of 
millions of pounds to lower the freezing point of the nitroglycer- 
ine in dynamite (thawing out has caused explosions). Nitro- 
glycerine freezes at + 1 3° C. while glycol dinitrate freezes at 
— 23° C. Propylene glycol, sprayed as a fine mist into air, re- 
moves bacteria. 
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Isopropyl Alcohol, C,H,OH. The isopropylene of oil-refinery 
gases is treated with sulfuric acid and the sulfated product hy- 
drolyzed to make this useful alcohol. Over 110,000.000 gallons 

were produced in a recent year. 

It closely resembles ethyl alcohol in solvent power and in 

physical properties. Distillation after brief digesuon with sodium 
hydroxide secures the anhydrous alcohol, boding at 82.4 . Pro- 
duced in large quantity at a low price, it offers compet.non lor 
ethanol but not as a beverage. It has a bad taste. 

Similar alcohols with a higher carbon content can be prepared 
by catalyzed reaction of ethylene, C 2 H „ or other olefins, wuh 

"^Ethers. The ether we know as an anaesthetic is produced by 
the action of hot concentrated sulfuric acid to remove the ele- 

ments of water from alcohol. 

(1) C.Hi.OH + H .SO , * C'.jHsOSChH + H.O 

(2) C,H „OSO,H + C.HsOH -> (C:.Hs) t O + H,,SO, 

This diethyl ether (C,.Hs) 2 0, is a colorless liquid of very low 
boiling point, 35°, very inflammable, and only sl^uly »^ublc >n 
water It is a useful solvent for a great number ol subsumes 
Dimethyl ether is (CHj)jO and any ether could be rep.esenuc 

^ Aldehydes. Wood alcohol can be oxidized mcclorntc ly rnuuRh 

to fall short of becoming formic acid and thus lorm ‘‘ C ‘ ^ 
be secured. Other aldehydes are made in sun, la, fashion. I hey 

arc all reducing agents. 

CH.jOH + (O) -> H • CllO + H .O 

In practice the vapors of methyl alcohol, mixed with air, arc 
passed through a tube containing heated copper gau/c as 

""The general formula for all aldehydes may be written lO CHO 
in which R represents any radical such as methyl (C-H.) o. thyl 

^foLldenyae is used as a 40 per cent aqueous solution called 
formalin. It is a valuable germicide and antiseptic. A 1. 



624 ALCOHOLS, ACIDS, FATS, AND SOAPS 

amount is used to react with phenol (carbolic acid) in the prepa- 
ration of “bakelite.” Over 400,000,000 pounds are used every 
year, more than half of it for bakelite and such plastics. 

Acetone, (CH 3 ) 2 CO. This colorless liquid is used as a safe 
solvent for compressed acetylene and in the manufacture of chlo- 
roform. It is a solvent for many substances, such as fats and 
varnish materials, and is of very great importance as a solvent 
in the manufacture of cordite and some smokeless powders. Over 
380,000,000 pounds were required in one war year. 

By the synthetic process acetylene is catalytically converted 
into acetaldehyde, this into acetic acid, and the acid into acetone 
by catalytic decomposition. Acetone is also made commercially 
by the fermentation of cornstarch through the action of a very 
useful bacterium ( Clostridium acetobutylicum). Probably most of 
our acetone is now made by the catalytic dehydrogenation of 
isopropyl alcohol but some is made from propylene. 

Acetone is merely the simplest member of a series of ketones 

■ R \ 

whose general formula is ^>C — O 

R' 

Acids. There are different series of organic acids, but the 
“fatty-acid” series is the one of most common interest. The fats 
contain glycerine compounds of some of these acids of higher 
molecular weight, hence the name. All the members of this series 
are monobasic. Most of them are liquids, but such acids as 
palmitic and stearic arc solids. Formic and acetic acids are the 
simplest members and the general formula may be written 
RCOOH. 

Formic Acid, H COOH. Formic acid, H COOH, is found in 
stinging nettles and red ants, adding zest to the sting or bite. It 
may be made by sufficient oxidation of methyl alcohol, but there 
is little demand for the acid. 

Acetic Acid, CH 3 COOH. Acetic acid, when anhydrous, is a 
colorless liquid ( glacial acetic acid) freezing to a crystalline solid 
at 18°. With water it forms a colorless solution. The odor is 
sharp and penetrating. 

The anhydride of acetic acid (CH 3 C0) >0, is essential to the 
manufacture of cellulose acetate silk, the best type of rayon. 
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esters 

“vinegar may be made from “hard” cider in a week or two if 
the mother of vinegar , which aids the oxygen of the air ^ uniting 

with the alcohol, tn ^ barlSit the 

shavings ( tast ^ cider trickles through again and again, 

^S^rfi^Orainary vinegars contain four or five 

Pe Este n A a Altho.s react with organic acids to form water and 

este These esters remind us somewhat of salts in their method 
esters, I nese t - anc i hence are otten called 

salts and ethereal salts helps to clarify the relations. 


( 1 ) 


CHs • COolHf+TclOH 


H*0 + CHa-COOK, 

Potassium Acetate 


(2) CH.-COj QHl+CJLPR - H ’° + C ^ h ^S Hi 

Reaction (I) is the fST.l£ 

hydrogen , on from the a , s not ncut ralization, since 

base to form water. 13ul cat t j s that 

the alcohol does not yield hy roxy wi(h the hydroxyl 

in effect the hydroxyl group hydrocarbon 

hydrogen of the alcohol to form water and Ih^thc I V 

radical (C.Hi) of the alcohol replaces the a d hy d og 

acid, forming an ethereal salt in this , and R' 

eral esters may be represented by R.GOOR . wne 
are any hydrocarbon radicals. Inorganic acids aUo 

alcohols and the products are usually ca ‘ ltd Jid is 

nitrate (CiH.-MO.) « e c *_ y “j* Hi^lyccrine is really 

glyceryd'lrinhrate^an'Tster of nitric acid and the alcohol glycerine. 
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Most fruit flavors and odors are due to the presence of esters. 

3. How could you make methyl propionate? Propyl butyrate? 

4. Here is a chart comparison of typical organic compounds. Name each 
member. 


HYDRO- 

HALOGEN 



DERIVA- 

ALCOHOLS 

ALDEHYDES 

CARBONS 

TIVES 



ch 4 

CH3CI 

CH3OH 

H-CHO 

C 2 H 6 

CoHs-Ci 

CiHsOH 

CH3CHO 

C3H3 

C3H7CI 

CjHtOH 

C.H s CHO 

etc. 

etc. 

etc. 

etc. 


ACIDS 

HCOOH 

CHj-COOH 

CoHs-COOH 

etc. 


ETHYL ESTERS 


H • COOC2H5 

CH 3 COOC 2 H s 

C 2 H s COOC 2 H 5 

etc. 


Fats. The esters derived from glycerine (as the alcohol) and 
the higher fatty acids, such as palmitic and stearic (and oleic 
from a related series), are called fats. This means that fats are a 
particular kind of ester. We do not have to synthesize the fats — 
plants and animals have done that for us, but if desired it could 
be done: 

C 3 H 5 (OH) 3 + 3 CA'COOH 

Glycerine Oleic Acid 

(C 1; H3., COO) 3 C,H s + 3 H.O 

Glyceryl Oleatc, a fat 

There are very few simple fats in animal and plant tissue. Olive 
oil is largely glyceryl oleate (“olein”) but lard is a mixture of 
40 per cent glyceryl palmitate (palmitin) and stearate (stearin) 
with 60 per cent olein. Beef suet contains the same fats but is 
harder because it contains only 25 per cent olein. Olive oil and 
cottonseed oil are liquids because they contain fully 75 per cent 
olein. Butter is a mixture of several fats. When it becomes rancid 
with age some of the esters are decomposed, yielding free acid, 
and the offensive odor of butyric acid makes itself known. 

Oleomargarine is a butter substitute in great demand. To 
make it, beef fat, from which much stearin has been removed by 
crystallization at 24°, is stirred with some oil to soften it and 
churned with milk to give it the butter flavor. When the mixture 
is chilled, the “oleo” separates. Vegetable fats are worked into 
“oleo” to make the “nut margarines,” and vitamin A is added to 
much of it. We used 650,000.000 pounds of oleomargarine in a 
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recent year, and exported 150,000,000. Of all kinds of fats the 

world uses 26,000,000 tons. . 

Edible liquid fats are in great demand as salad oils and cook- 
ing oils. Olive oil is the most expensive, but enormous quanttt.es 
of purified cottonseed oil, peanut oil, corn oil. and some sun- 
flower seed oil have found a ready market. The United Sta es 
often produces over one billion pounds of cottonseed o.l m a >car, 
yet aU this was formerly wasted when cottonseed was throw n 

“Tn this country we normally use nearly twelve billion pounds 
of fats annually, of which soybean oil constitutes an unportan 
portion. We import huge quantities of vegctablc fa s 

Soybean oil is really edible but U has been used mostly m the 
paint and varnish industry. Production m 1947 was 1,500,000,000 

V< ‘ Whale oil partly hydrogenated to remove odor, has had con- 
siderable demand among the poorer classes of Europe as a lo . 

One lame blue whale may yield 2 d tons. 

Drying Oils Linseed oil (from flaxseed) has long been the 

chfe^uid "vehicle” for pain, pigments. It is ox,d,zed(no 
dried) in the air to yield a tough film. We produce ha„ o 
needs the remainder coming from Argcntma. Soybean oil up 
to 20 per cent, is mixed with it without loss of quality act 
treated soybean oil with quick-drying properties may replac 

lithograph inks. Tung trees in great number aim 

° U r G f Especial engine lubricant, becomes a good drying 

oil when catalytically dehydrated. Castor oil 

when diluted with gasoline, so has w.de -e as an engine 

The equilibrium reaction below indicates this. 


CHa ■ COOCjH & + H 2 0 

Ethyl Acetate 


CjHiOH + CHrCOOH 

Acr lie Acid 
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This hydrolysis takes place faster if a base is present. Of course 
a salt of the fatty acid must be formed when a base is used. 

C 3 H 5 (C 17 H 33 -COO) 3 + 3 KOH -> 

Glyceryl Olcate 

CsHiCOH);, + 3 C, ,H» ■ COOK 

Glycerine Potassium Oleate, a soap 

This reaction is called saponification of the ester, and the salt of 
the fatty acid is called a soap. 

When a fat is saponified by hot water in the presence of a suit- 
able catalyst, glycerine and the free acid are the products. 

For soap-making coconut oil is almost an essential. Especially 
true is this of quick-lathering soaps. Now it is possible to prepare 
fatty acids of the coconut oil type by controlled oxidation of 
certain petroleum hydrocarbons. 

Soap-making on a commercial scale is usually a matter of boil- 
ing cheap mixed fats with caustic soda if the firm, “hard” soaps 
are desired, or with caustic potash if “soft” soaps are wanted. The 
soft soap of early pioneer days was made by using the lye (K 2 C0 3 ) 
leached from wood ashes, and such lard and tallow as accumu- 
lated about the house. Greater refinements are demanded now. 
Soap is “salted out” by common salt, is partly dried and pressed 
into cakes. The remaining solution is distilled for its glycerine, 
the important by-product. 

By a new process fats are heated with water under 500 pounds pressure, 
yielding pure glycerine and the fatty acids. To make a soap from these acids is 
simply a matter of neutralization with a base. Pure glycerine is readily re- 
covered. 

Aluminum stearate (insoluble in water) is a soap but not a 
cleanser. Yet it has considerable use in water-proofing textiles, as 
a suspending agent and flattening agent in paints, and in wax 
polishes. Heavy metal soaps are not cleansers. 

If civilization is measured by the amount of soap used, it must 
be significant that the United States makes and uses 2,800,000,000 
pounds annually. 
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Soapless detergents are now in competition with soaps. 
Long-chain fatty acids, such as those from coconut oils, are 
hydrogenated under high pressure and at elevated temperatures 
with a catalyst present. The -COOH group is reduced to the 
— CH 2 OH group or, in other words, the acid becomes an 
alcohol. This alcohol is next sulfated (with sulfuric acid) and 
neutralized to yield sodium salts. There are many useful types 
of synthetic detergents. Such products form a cleansing froth in 
hard water and in sea water and are useful also in aiding he 
uniform penetration of dye solutions in cotton and other fabrics. 
Some, unlike soap, can be used in acid solution. 

R • COOH — » R-CHjOH — * R CH 2 HSCL - 


R-CH.-NaSO, 

A Cleanser 


Production of synthetic detergents and other surface-actiye 
material has risen to 700,000,000 pounds yearly. Much ol this 

production derives from petroleum. 

White household soaps contain 30 per cent water but soap 

chips contain only 8 to 12 per cent. , . 

Shaving cream contains an acid soap, the product obtained by 

half neutralizing the fatty acids with potassium hydroxide or 

some organic base. . OAA . 

Over 100,000,000 pounds of soap were used in 1 1 ‘ 

ing an emulsion of the materials to be polymerized into syndic 

fU Derivatives of the Fatty Acids. It is possible to make such 
, . . f r attv acids as alcohols, aldehydes, amines, 

ix v , y p^ng appiic.,^ * 

plastics and synthetic rubbers. 1 he amides, leach > 1 

by heating ammonium soaps, arc solids suitable lo. the 

proofing of fabrics: 

R -COONHi -> R CONH, 4- H ,0 

In normal years there are available huge quantities of fats from 
which fatty acids may be freed. 
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Review Drill 


Name these 

c 2 h 6 

Ethane 

CsH 6 

c 2 h 5 ci 

Ethyl chloride 

CfHsCl 

C 2 H s OH 

Ethyl alcohol 

C 6 HsOH 

c 2 h*nh 2 

Ethyl amine 

CsHsNOo 

c 2 h s no 2 

Nitrocthane 

CsHjNHj 

(c 2 h 4 ),o 

Diethyl ether 

C 6 H s CHO 

(C 2 H 5 ) 2 CO 

Diethvl ketone 

# 

CoHs-COOH 

c 2 h 4 cho 

An aldehyde 

— 

CjHs-COOH 

An acid (propionic) 

C 6 H 5 -CH 3 

C 2 H s COOR 

An ester 

C«H s (N0 2 )jCHs 

C3Hs(C i7 H 3 j-COO) 3 

A fat (glyceryl oleate) 

— 

CnHjj-COONa 

A soap (sodium oleate) 

C 3 H 5 (OH)j 

Exercises 




5. How many grams of glucose must be used to prepare 690 g. of alcohol, 
assuming the yield to be 90 per cent? What will be the volume of C0 2 
evolved (standard conditions)? (See page 636.) 

6. How many grams of the soap, potassium oleate, can be made from 415 
grams of glyceryl oleate, C3 H s (C| T H33*COO)j? 

7. Compare the costs of alcohol from corn at 50 cents a bushel and molasses 
at 5 cents per gallon. 

1 bu. corn yields 2.5 gals, alcohol 
1 gal. molasses yields 0.4 gal. alcohol 

8. What can you make from ethane, C:;H 6 (and how)? Give the structure of 
ethane and of a few of these derivatives. Some may be made in one step, 
some in several step reactions. 

9. What are the rival sources of common alcohol? 

10. Write and prove the structure of ethyl alcohol. 

11. What soap substitutes are available? 

12. Why are fats vital to a nation? 

13. What are three possible sources of glycerol? 

14. If 10 per cent of alcohol should be added to gasoline for motor fuel, why 
would it be impossible to use the ordinary 95 per cent ethyl alcohol? 
Absolute, or 100 per cent, alcohol is required. 

15. Why is acetone in such great demand? 


DERIVATIVES OF THE FATTY ACIDS 
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Chapter the carbohydrates 


A most important class of compounds, including starch, the 

sugars, and cellulose, contains carbon and just twice as many 

hydrogen atoms as oxygen atoms in each molecule. This means 

that the two latter elements are found in the proportion to form 

water, hence the name, carbohydrates. On heating, some of these 

give off water formed in the general decomposition but it is not 

held like water in hydrates. Plants take carbon dioxide from the 

air and water from the soil, and build them into the cellulose of 

wood, cotton, linen, grasses, etc., or the starch of potatoes, arrow- 

root, cassava, rice, and the other roots and grains. Molecules of 

both starch and cellulose are probably large, represented by some 
multiple of C 6 H, 0 O 5 . 

Cellulose. Cellulose is more fully discussed on page 643 but it 

may be stated here that this carbohydrate makes up half the 

weight of dry wood. Pure linen and cotton fibers, and filter paper, 

as well as the stringy parts of many vegetables and grasses repre- 
sent cellulose. 

Starch. Starch is stored in roots like potatoes, in grains, and 
m the trunk of the sago palm. Rice contains 75 per cent starch, 
corn 50 per cent, and potatoes 20 per cent. It is a white substance 
of very high molecular weight (CoH.,,0;),, insoluble in cold water 
ut swelling in hot water to a pasty translucent mass. When 
heated sufficiently it forms a yellowish, sweet substance called 
dextrin. The crust of bread (baked at a higher temperature than 
the moist interior) probably owes its sweetness to dextrin. Dextrin 
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is used as a mucilage on envelopes and postage stamps. Starch 
itself in the form of a paste is commonly used in hanging w al 
paper, also as sizing in the textile industry. It is a valuable food 
when cooked, but is far less digestible raw Having alcoholic 
hydroxyl groups it can, of course, be nitrated N.tro-starch is a 
very safe explosive and is used to the extent of thousands of tons 
in filling hand grenades. In the laundry, starch is indispensable^ 
It is also one of the chief sources of ethyl alcohol When t.eated 
with water and a trace of acid as a catalyst ,t is hydrolyzed into 

8lU In° S 1940 we imported 352,000,000 pounds of tapioca starch, 
mainly for use as an adhesive. A waxy maize, developed in Iowa 
from Chinese popcorn, yields a perfect substitute for this tapioca 

^Starch ethers are possibly going to compete with cellophane, 

rayon and other cellulose products. nrs 

The Sugars. There are two important classes ot soluble sugars, 

i • . a rlUarrharidcs The distinction is cas\ . 

monosaccharides and disaccm . • 1 » 

o r i r n U O.i ran be broken down into simple 

Suirars of the formula can ue . 

sugared usually of the formula C.H..O.. Such simple sugars 
cannot be resolved into still simpler sugais 


Complex sugars 
(Disaccharidcs) 
ChHkO 1 1 

Simple sugars 


Lac*vuiu>c 

(Monosaccharides)' Ga j aclosc 

I I O I _ . 


Sucrose (cane sugar) 

Maltose (malt sugar) 

(Lactose (milk sugar) 

Dextrose (glucose) or grape sugar 
Laevulose (fructose) or fruit sugar 


C*H 12 Oe 


Mannose 


The sugars contain alcoholic hydroxyl radicals o, g~up. and. 
since there are several sugars of the formula CoHi.Oo, ™ ‘ 
be several different arrangements of the groups. Some o < 
rarer sugars are decomposed only by definite strains batter 

and so are used in the recognition ot t use iat ma ttcr 

Sweetness is not the ^-firr or that matte, 

perillaldehydc (alpha-antialdox,me)^^2 ^ ^ tUcrcfore are 

sucrose, yet they do not hav< the . 
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not sugars. Some “sugars,” on the other hand, are not sweet. If 
sucrose is rated in a scale of sweetness as 100, laevulose is 173, 
glucose (dextrose) 74, maltose 32, and lactose (milk sugar) 16. 

Sucrose, C 12 H 22 O u . Cane sugar, beet sugar, and maple sugar 
arc all the same when purified. In Europe most sucrose comes 
from beets. 

Sugar from cane is produced in Cuba, Hawaii, Java, Brazil, 
and Louisiana — most of it in Cuba. The cane is crushed to ex- 
tract the juice, which is then treated with lime to coagulate im- 
purities that would otherwise ferment. The clarified juice (12-18 
per cent sugar) is boiled down in vacuum pans at as low a tem- 
perature as 50° C. because if boiled at atmospheric pressure and 
above 100° the sugar would be decomposed. Concentrations of 
65 per cent are possible. When the sugar crystallizes it is whirled 
free from molasses in centrifugals and shipped to refineries for 
further purification. 

This country produces more than 1 ,000,000 tons of sugar yearly 
from sugar beets but we eat 7,000,000 tons. The world wants 
35,(>00, 000 tons. By careful breeding the sugar content of beets 
has been increased to over 15 per cent. 

Sucrose treated with acid as a catalyst reacts with water to 
form *• invert sugar,” a mixture of dextrose and laevulose. Curi- 
ously enough, this mixture, with some delicious impurities, makes 
up the main part of honey: 


C.dl, + II jO -> C,H,_'Or. -f C 6 II,,0 6 

Sucrose Dextrose Laevulose 

During the first World War Germany, in need of nitroglycer- 
ine. converted thousands of tons of sugar into glycerine by the aid 
of yeasts in a special environment. 


Knowledge of cant.- sugar and its delights was first brought to Europe from 
Indi.i in n.c. by Alexander the Great. It was Columbus who carried sugar 
cane on to the Xew World. 


Glucose, C 6 H 12 0 6 . 1 his is also called dextrose and even grape 
sugar, since it occurs in grapes and raisins. It is less sweet than 
sut rose, but is a good food; in fact it is partly digested cane sugar. 
Both starch and sucrose, all the complex sugars in fact, are con- 
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verted into glucose by the digestive fluids. Glucose is made com- 
mercially from starch which is heated with water and some acid 

as a catalyst : 

(C 6 H 10 O 5 ), + x H,0 — x C 6 H„0 6 

Hydrochloric acid is used in a 0.1 per cent solution. The trace 
of sodium chloride formed on neutralization with sodium hydrox- 
ide docs no harm. Glucose has 32 isomeric forms. Glucose is 
used in candies, soda fountain syrups, baked goods, and even as 
a filler for cheap soaps and leather. As an intermediate com- 
pound in the manufacture of alcohol (as well as whisky and bcci ) 
from the starch of cereals, glucose is of vast importance. 

Laevulose and Inulin. When inulin, a carbohydrate closely 
resembling starch, is hydrolyzed in similar manner laevulose 
(fructose) is formed instead of dextrose (glucose). 1 he root tubers 
of the Jerusalem artichoke arc rich in inulin. One variety has 
been found capable of yielding two tons of laevulose per acre. 
Glucose and laevulose arc isomers but they differ structurally in 
that one is an aldehyde sugar and the other a ketone sugar: 

H H OH H 


H OH ,C— C — G — C O-CHO 


HOH, 


OH OH H OH 

d-glucosc (dextrose) 

H H OH 

,c — i — i — e — c — ch 2 oh 


OH OH H O 

d -fructose (laevulose) 


Enzymes and Fermentation. The yeast plant, a very lowly 
but useful organism made up of microscopic cells, secretes two 
chemicals known as invertasc (or sucrasc) and zymase 1 lies, an 
true catalysts. Enzymes differ from the inorganic catalysts m that 
they are compounds secreted by living organisms. Sucrase splits 
sugar (in the presence of water) into glucose and fructose, both 
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fermentable, although fructose is less so than the glucose. Zymase 
finishes the work begun by the sucrase and converts the simple 
sugars into alcohol and carbon dioxide: 

CeH.oOc -» 2 C0 2 + 2 C,.H,OH 

It is an interesting fact that a germinating seed (barley, for 
example) develops enzymes as it sprouts. These catalysts, amy- 
lase and maltase, convert the insoluble starch of the seed into 
soluble glucose capable of being carried by the sap of the growing 
plant. The brewer borrows this clever device from the sprouting 
grain in order to make alcoholic drinks from starchy cereals. He 
allows barley to sprout — of course amylase and maltase are 
developed in the process — then heats the sprouts to kill all life. 
The catalysts, mere chemicals, are uninjured. This “malt” is then 
mixed with the warm, moist, crushed grain and the starch is hy- 
diolyzed to maltose, malt sugar, Ci 2 H 22 On. Yeast is then added 
and the malt sugar further hydrolyzed to form glucose. The 
zymase completes the change by fermenting this glucose into 
ale nhol. By distillation a 45 per cent alcoholic solution well known 
as “whisky” is secured. Beer is simply the fermented liquor made 
horn barley without distillation. Wine is fermented from grape 
juice by the wild yeast found on the skins of the grape. Even in as 
common a process as bread-making the yeast causes a fermenta- 
tion with release of carbon dioxide and consequent “rising” of 
the dough. 

Starch (by amylase) — > maltose 
Maltose (by maltase) — » glucose 
Cilucose (by zymase) — » alcohol 

1 here are many other enzymes than those secreted by yeast or 
by sprouting grains. The animal body secretes enzymes which 
manage digestion of food. Pepsin is familiar to all of us. Molds 
also develop organic enzymes. As a rule they cause putrefaction. 
Bacteria contain enzymes. There arc six kinds of enzymes in a 
ripe banana and fourteen in certain molds. The study of molds, 
yeasts, and bacteria from the enzyme viewpoint is rapidly becom- 
ing a matter of commercial importance in the production of 
organic compounds. 
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Many perhaps all, enzymes are activated by specific inorganic tons. Pepsin 
works at its best in 0.2 per cent acid (HC1 of the stomach) and amylase of the 
pancreatic juice needs traces of chlorides and phosphates. Such activating ions 

are called co-enzymes. 


Enzymes act upon astonishing amounts of material. Sucrase 
converts 200,000 times its own weight of sucrose. Urease, an 
enzyme of the globulin class, hydrolyzes urea so fast at 20 C. that 
it (urease) produces 120 times its own weight ol ammonia every 

five minutes: 

'NH 


O 


p/ 

c \ 


-f- H >0 — > 2 NH 3 + CO 2 


NH 2 


Amylase can transform 4,000,000 times its own weight of 

starch. . . . . . 

Amylase, converting starch to sugar, has use in desizmg te: - 

tiles; proteases, changing more complex protein molecules into 

simpler ones, serve in removal of gum from raw silk and of hair 

from hides; and pcctinase, attacking pectin materials, clarifies 

fruit juices. . . , 

Some enzymes are proteins and a very lew have been crystal- 
lized, bu, others seem to consist of a colloidal protein came, 
joined to some simple active group. 

Bacteria as Chemists. Bacteria are the simple,, forms 
marvelous ahilily to multiply by cell-division that a single ““ 

can form more than 16,000, similar organisms ,^„,y -f^rhoms. U.ch 

bacterium is a mass of colloidal protoplasmic material «*» Z 
scmipermcablc wall. So small are they (some ol them beyond ' P " f ’ 
microscope to sec) that their surfaces, relative to mass, am c — ™ 

k ^ « » * — - - 

compound microscope we would know ^ ^ml'w o.hers are essen- 

Dangerous though many spies 4 bact u (caU|t . ,. u ,) 

tial to higher animal and plant 1 ft. human intestine cannot 

intestinal bacteria attack cellulose but bacteria 

^Chemists are now studying the chemistry of bacteria 

ing results. Not only may we learn more about immun, ty n, ^tse a^ but 
we may compel bacteria to run large chemical lactones 
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have always allowed the nitrifying bacteria on the roots of clover, alfalfa, 
and other legumes to convert the free nitrogen of the air into invaluable plant 
food: nitrites, nitrates, and ammonia. 



Butyl alcohol is now being produced on a large scale (for the cellulose 

lacquer industry) by the friendly cooperation of Clostridium acetobutylicum 

which converts starch into butanol, acetone, ethanol, hydrogen, and other 
products. 

Molds as Chemists. The molds, of which there arc thousands of species, 
are more complex than bacteria and yeasts. A large number of chemical 



products may be manufactured by molds, e.g., penicillin and citric acid. The 
species, Aspergillus niger , acting on molasses, etc., produces millions of pounds 
° CUr,c acid >' carl >- Molds produce enzymes of industrial value. 
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Penicillin, a recent and invaluable drug, is secreted by the mold, penicillium 
notatum. Its great success has led to the discovery of streptomycin and other 
antibiotics in various molds. A new field in chemistry and medicine has been 
opened. The chemist with a knowledge of bacteria and molds has a splendid 
opportunity. 

Pencillin has been isolated in four or five variations and its basic structure 
determined. 

R S 

I / \ 

OCNNCH — CH C(CH 3 )* 

OC— N — CHCOONa 


Exercises 

1. By what steps could you change starch into acetic acid? C.ould you change 
cellulose into acetone? 

2. Ten grams of a carbohydrate give, on complete combustion in air, 15.43 g. 
of carbon dioxide and 5.79 g. of water. What is its formula: 

3. What weight of dextrose would be required to prepare 432 g. of alcohol 
containing 95 per cent of C,H..OH by weight? Add 5 per cent to your result 
because the efficiency of conversion is only 95 l ,rI 

4. How many milligrams of invert sugar are present in each milliliter of a 
solution prepared by inverting 15 g. of sucrose, and diluting the solution to 

one liter? 

5. What are the products of the hydrobsis of (a) starch, (A) sucrose, (c) inulm ' 
Compare the physical and chemical properties of staich a,K UCOs< • 
Could you name eight useful fermentations in the food industry (some ol 
them ancient) caused by molds, yeasts, or bacteria? 

6. What powerful medicine is made by a mold? 

7. In the preparation of beet sugar certain salts mu-t l>< h mow d !i m 

juice. Could exchange resins be used, as in pm ilu .uion 
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Chapter cellulose and its 

r U ESTERS. DYEING. 

PLASTICS 


Paper. Wood, in general, is made up of long fibers of ccllu ose 
(C^LcOsL cemented together by a gummy substance call. 
[£in. In paper making this lignin is dissolved by d.gcstmg ch.ps 
of the wood with a solution of chemical reagents. 1 he pulp ot 
cellulose fibers is then shaken on a sieve through which thc«ac, 
drains, and the fibers are mailed in a sort of ' warp and «oo 
system. It is this interlacing of fibers that gives paper its sl.en; th. 
After passing through rolls to squeeze out the renaming ua o, 
the paper sheet is coated with a rosin size or glue size Inch 
serves !o prevent undue spreading of ink. Usually the wet pulp is 
bleached and often dyed. Glazed papers, that crack on creasing 
arc loaded with clay, which gives body to the paper . I 
writing paper may be made from linen rags. 

One giant machine making coarse but strong ra t P‘M 1 
ran steadily for two years delivering a sheet nineteen feet v >dc at 

a rate of one mile in 4.5 minutes. 

Thc principal chemical processes used today are the sullt , 

SOC Thc d SuimeProcess involves cooking wood chips with calcium 
bisulfite solution under pressure. The Soda Procc-ut,..^ a 
cooking with sodium hydroxide to produce book papi , , and 
mainly used for hardwoods, spruce, (ir, and hemlock. 

The Sulfate Process is wrongly named for it employs a mixture 

of sodium sulfide and sodium hydroxide in the cooking operation, 
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it is used with pine wood, to make coarse wrapping paper (kraft) 
and fiber container board. 

The Chlorine Process, developed in Italy, begins with the 
digestion of wood, straw, or grasses in dilute sodium hydroxide 
and continues with use of chlorine gas as a delignifying agent. A 
weak alkaline wash and a hypochlorite bleach complete the 
treatment. The process is rapid and requires no pressure. 



Fig. 169. Hand-made paper would be woefully inadequate for the printed pages 

of today. (Courtesy Bjarnc Johnson.) 

In a single year the United States made 1,256,000 tons of un- 
bleached kraft paper for brown bags, wrappers, etc. 

In the effort to maintain continuous wood-pulp production in 
the United States McKee has developed a hybrid poplar that 
grows as large in 8 years as do ordinary poplars in 45 years. Herty 
has made successfully white paper suitable for newspaper stock 
from the slash pine of the South. The pine is cut when about 8 or 
12 years old, before rosin develops. 
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The importance and size of the paper industry are evident 
from the fact that in the United States 24,000,000 tons oi paper 
(220 pounds per person) are made annually, one-third ol it lot 
fiber board. It is no wonder that machines have to make paper, 
rolling along from wet pulp to finished product, 17 feet wide, at 

a speed of 1200 feet per minute. 

Most papers arc made from spruce, fir, hemlock, pine, and 


softwoods in general. 

Over 700 000 tons of straw arc used annually in this country to 
make corrugated strawboard for boxes. Cheap sodium silicate 
adhesive adds greatly to the box strength. C.clotcx insulauon ts 
made from “bagasse,” waste cellulose fiber of sugar cane. 

Cellulose. The cellulose molecule (C«H 10 Os)„ has been shown 
by the X-ray to consist of 100-200 glucose units in long chains. 

Fifty such chains make up a bundle or micelle. 

Cotton is nearly pure cellulose. The stringy part of vegetables 
is cellulose, but man makes little progress in digesting such libels. 


The by-products of the cotton 
seed, once a nuisance, arc worth 
$ 250 , 000,000 annually in tins 
country alone. 1 hese produc ts 
arc oil, meal (for stock iood), 
and linters (short fibers). Our 
usual cotton crop is 12,000,000 
bales of 500 pounds each. 

Cellulose deserves a great deal 
of attention because it is the 
world’s greatest crop. When pe- 
troleum, natural gas, and coal and 
some minerals are exhausted we 
shall make liquid fuels and sub- 
stitutes for metals from this crop. 



Already we make houses, cloth- Fig. 170. Cotton boll, 

ing, and books from it; we change 

it chemically into alcohol, stock food, movtc film, high explo- 
sives, substitutes for paint, and other useful products. Imenstve 
chemical research has worked miracles with coal and petroleum; 
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now it is time to attack cellulose with all our power. A plant is 
now in operation making alcohol from sawdust by acid hydrolysis 
to yield sugars which are then fermented. 

Recently an absorbable gauze for surgeons’ use has been pre- 
pared by oxidizing the — OH groups in cellulose to — COOH 
groups by the aid of nitrogen dioxide. 

Cellulose Nitrates. When cellulose is attacked by concen- 
trated nitric acid the hydroxyl groups of the cellulose unite with 
hydrogen of the acid to form water. At the same time a cellulose 
nitrate is formed. Concentrated sulfuric acid must be present to 
take up the water set free in the reaction. 

In cellulose nitrate (an ester) of the non-explosive type (py- 
roxylin) only the two — OH groups represented on the outside of 
the ring in Fig. 171 are nitrated. In cellulose acetate (an ester) 
only the two outer — OH groups are acetylated — an acetyl 
group, CH 3 CO — , replacing the hydrogen atom of each — OH. 
In ethyl cellulose (an ether) a C 2 H 5 — group replaces a hy- 
drogen in each of the two outer — OH groups. 



Fig. 171. A unit of the large cellulose molecule, showing different positions of 

hydroxyl groups of different reactivities. 


Draw the structural formulas of these extremely useful com- 
mercial products: cellulose nitrate, cellulose acetate, and ethyl 
cellulose. 

Explosives. With vigorous nitration by concentrated nitric 
and sulfuric acid a high explosive results, but with less vigorous 
nitration the non-explosive pyroxylin (about 12 per cent nitro- 
gen) or “soluble cotton” is formed. Guncotton (about 13 per cent 
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nitrogen) burns harmlessly, but is exploded by a detonating cap. 
When it is dissolved in ether-alcohol and some vaseline is added, 
a “gel” is obtained that dries to a tough horny mass, called 
smokeless powder. In practice the pasty mass is forced through 
dies so that the dried solid is perforated by small holes. On burn- 
ing in the gun the surface increases so that the force of explosion 
is not all exerted in one shattering instant but gathers strength 
as it progresses. In modern warfare all guns are fired with smoke- 
less powder. The British cordite is a mixture made of guncotton, 
nitroglycerine and petroleum jelly dissolved in acetone. On 
evaporation of the acetone cordite results. 


Nitroglycerine dissolves certain types of nitro-cotton to form a jelly (yrlatin 
dynamite) much used in mining. With addition of ammonium nitrate the 
“ammonia dynamite” suitable for rock blasting is prepared. Common dyna- 
mite is usually a mixture of nitroglycerine, wood meal, and sodium nitrate. 
Ethylene glycol dinitrate is added to lower the freezing point ol the nitro- 
glycerine tu the safety limit. 


Air Nitrogen 


Ammonia 


Sulfur 


Nitric acid 


Sulfuric acid 



Ammonium nitrate for 
Amatol (TNT and (NH) 4 NO3) 

Nitration aid 


Picric acid 

Tetryl 
TNT 

Petroleum ^Toluene >-TNT and Amatol 

NSVs X f Nitroglycerine 

Fats Glycerine *"\Dynamite 

(Nitrocellulose 

Cellulose (cotton, wood) ^(Smokeless powder 


Coal 



Mercury 


Mercuric nitrate. With 
alcohol and nitric acid 


Mercury fulminate 


Fig. 172. Source of explosives. Nitric acid is used in making every explosive on 
the right, above. “Amatol” is a mixture of TNT and ammonium | nitrate. I eU 
(tetranitroanilinc) is the booster charge in shells, ,s more semum than N h 

Mercury fulminate, the detonating charge, .s sixty times ** yv ” ' and **“ PFTN" arc 
azide is similar in sensitivity to mercury fulminate. KDX and I 1. 1 N •» c 
among the most recently developed powerful explosives. 1<I)X. much used in bombs 
and in plastic form, for localized demolition, is derived tro.n ammonia and Tor 
tnaldehydc. It is usually mixed with TNT. The atomic bomb .s >n a das, by ..self. 
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It is not to be thought that such manufacture is merely a 
deadly art. Without powerful explosives in great quantities there 
would be fewer railroad tunnels, no Panama Canal, less coal 
mined, less of most minerals secured, and no loosening of the 
hardpan where fruit trees are to be planted. 

More than 30,000 men slaved eleven years to dig a three-mile tunnel for a 
Roman aqueduct. Thanks mainly to explosives the same tunnel could be built 
today by 100 men in 10 months. 

Celluloid is prepared by mixing pyroxylin plastics with cam- 
phor and a little alcohol and passing through heavy rolls. This 
transparent material is the basis of photo films, motion picture 
films, celluloid toilet articles, and other useful objects. Colored 
material may be incorporated when desired. 

Synthetic camphor, made in the United States to the extent of 
a million pounds or more a year from turpentine, is the only rival 
to the Japanese monopoly in natural camphor; synthetic cam- 
phor forced a price drop for natural camphor from S3. 40 per 
pound to SO. 90 in a single year, and later to SO. 28. Camphor is 
indispensable in the manufacture of pyroxylin plastics such as 
celluloid (movie film, etc.). About 75,000,000 pounds of camphor 
are used yearly. 

The automobile lacquers (Duco, etc.) contain cellulose nitrate 
(1 1.8 to 12.3 per cent nitrogen), resins, pigments, solvents, dilu- 
ents, and plasticizers or softeners. Among the solvents are ethyl, 
butyl, and amyl acetates, methyl alcohol, and acetone. Glycol 
ethers have lately been added to this list. 

Plasticizers, added to soften and give elasticity to the film, in- 
clude dibutyl phthalate, tricresyl phosphate, and oxidized castor 
oil. 

Cellulose Acetate. Cellulose, as already shown, reacts like an 
alcohol with acids or acid anhydrides because of its hydroxyl 
groups. With acetic anhydride it forms the useful ester called 
cellulose acetate. Worked into movie films by the aid of camphor 
or other plasticizer, this forms a product similar to the usual 
celluloid film but only slightly inflammable. 

Cellulose ethers, as well as the esters, are finding considerable 
use as film formers. 
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Wool 



Raw Silk 


Cotton 


Fig. 173. Highly magnified fibers. 


Rayon. Manufacturers insist on use of the word “rayon” in- 
stead of “artificial silk” or “imitation silk.” There arc four types 
in use: cellulose nitrate, cellulose acetate, viscose, and cu- 
prammonium. 

Special weaves of rayon cord have largely replaced cotton cord 
in the manufacture of heavy truck tires. 

Viscose rayon is made from wood cellulose by treatment of it 

with sodium hydroxide and 
carbon disulfide, forming first 
a yellow soluble compound 
called cellulose xanthatc. I his 
is aged, then spun into threads 
through spinneret holes only 
0.003 inch in diameter, and 
decomposed by acid into the 
original cellulose, but with the 
silken luster desired. Viscose 
at present leads all other 
rayons in amount produced, 

being more than 65 per cent of the total. It is less durable than 

natural silk, but of course is far chcapei . 

Our own rayon production in 1048 expanded to 900,000.000 
pounds, and it is expected that this rate will increase. Great 

quantities arc now used as tire cord. 

Threads spun from a cellulose nitrate solution must be de- 
ni t rated before use. Cellulose acetate threads may be eatalvtic.fi v 
hydrolyzed to reduce the number of acetate groups to yield the 

type of product desired. 

Cup, ammonium yarn (Bombers) is prepared by spinning into 
an acid bath threads of a solution of cellulose m a.umomacal 

copper oxide. It is a very strong fiber. 

Nylon. A new and very useful synthetic liber ca led 

“Nylon” was announced late in 1938. Chemically it resembles 
natural silk, both being polyamides ol piot« in i '< sUlu lu * c 
Basically it is derived from coal, air. and uatii. , astu it\ . 
high strength characterize the finest libers as us< < in io i 1 >» 
while a heavy fiber competes with hog bristles m the toothbrush 
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industry. Its use as parachute fabric, glider tow-ropes, etc., made 

nylon almost a military necessity. 

Protein Fibers. There are 600,000,000 sheep in the world, yet 
wool is not cheap. Production of a synthetic wool from milk 
casein has greatly interested certain countries unable to raise 

many sheep. This protein 
fiber is chemically unlike 
cotton (cellulose) but some- 
what like natural wool and 
silk. It kinks, has the resili- 
ence of natural wool, and 
the ability to take wool dyes, 
but is weak when wet. Pro- 
tein from soybeans or grain 
may also be converted into 
fibers as is possible with zein 
from corn. 

There is enough 
skimmed milk in this country 
to make twice as much casein fiber as our wool consumption. 
Already it is used in certain blends. 

Other Fibers. Spun-glass fiber is discussed on page 398. A 
synthetic silk-like fiber made from polyvinyl acetal resin, and 
known as Vinyon, is in commercial production. Vinyon fabrics 
are so resistant to acids and alkalies that they are used as filter 
cloths in industry. Saran fiber (see page 651) is very strong and 
chemically resistant. Research promises other fibers not yet 
offered for sale. 

Recent progress in imparting flame-resistance, water-repel- 
lence, insect-repellence, and mildew-proofing and crease- 
proofing to textile fabrics, shrinkage-resistance to wool (upon 
washing), has been greater during the past war than in all 
previous time. Military needs in every climate have been 
stimulating to research. 

DYEING 

Of the three leading classes of natural fabrics, cotton, silk, and 
wool, the silk and wool are the easiest to dye. This is because their 




Fig. 174. Rayon solution forced through 
many small holes in a platinum disk 
(spinneret), coagulated as threads in an 
acid bath, and spun into lustrous thread. 
(Courtesy Colgate and Company.) 
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fibers are protein material and more reactive chemically than 
the cellulose of cotton. Although 5000 dyes are known, only 
1200 are used. 

1. The Indigo Type. Solutions of dyes readily penetrate any 
fiber but wash out again unless the dye is held as an insoluble 
compound. For example, a fabric may be soaked in a solution of 
lead acetate and then in a solution of sodium chromate. Lead 
chromate is precipitated throughout the fabric and cannot be 
washed out. Indigo is insoluble in water. To get it into the iabric 
in the first place it is necessary to reduce it with sodium dithionite 
to the soluble, but colorless, indigo white. On exposing the fabric 
to the air this compound is oxidized to the insoluble blue indigo, 
now thoroughly entangled in every crevice and cell of the fibers. 
This dye, once natural but now synthetic, leads all others in 


tonnage. _ 

2. Direct Dyes. Solutions of direct dyes diffuse into fabrics 

and either react with the fiber or arc adsorbed powerfully on all 
surfaces. They are sometimes “salted out" or coagulated on and 
in the fiber by addition of sodium sulfate. Direct dyes lor wool 
and silk arc numerous, but for cotton they arc relatively few. 

The United States’ annual production of synthetic dyes is 
250,000,000 pounds, much of which is exported. Imports of a 
few special dyes reach 2 per cent of our total needs. Such inde- 
pendence, largely attained since 1914, adds to the national safety, 
for from the nature of things, dye plants and dye chemists can 
quickly be set at work making munitions of war and essential 


imported medicines. 

3. Mordant Dyes. There are many beautiful dyes which arc 
not retained by cotton without help from such “mordants as 
aluminum hydroxide or tannic acid. Aluminum hydroxide is 
insoluble and hence cannot be worked into the libers. Houevei, if 
a solution of aluminum acetate penetrates the material its 
natural hydrolysis can be increased by boiling, or a weak >ase 
may be added. By this device the insoluble aluminum hydroxide 
is formed throughout the fiber. A soluble dye penetrating below 
the surface is held by the hydroxide, so the dyed material 
becomes fast to washing. Other mordants are used, such as 
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chromium hydroxide or even tannic acid. The latter material 
forms insoluble tannates with basic dyes such as methylene blue. 
Mordant action can be demonstrated in a test tube. To a solution 
of alum and a dye add a base. Filter and wash the precipitate. 
It retains the dye. Such compounds are called lakes and in 
dyeing they are formed in the fiber. 

Two thousand or more years ago only royalty could wear Tyrian purple, 
a color developed when a fluid secreted in minute quantities by a snail-like 
shell-fish ( rnurex ) was exposed to sun and air. Yet this “royal purple,” a di-brom 
derivative of indigo, is now surpassed in quality by synthetic di-brom indigo 
sold cheaply. 

PLASTICS OR SYNTHETIC RESINS 

All plastic materials are molded to desired shapes by the use of 
heat (to soften) with attendant pressure (“thermoplastic”), or by 
shaping a reactive fluid mixture and setting it to the desired form 
with the aid of heat, pressure, and, possibly, a catalyst (“thermo- 
setting”). 

Celluloid , the earliest plastic, resulted from an effort in 1868 
to make a good substitute for ivory in the making of billiard balls. 
Hyatt, the inventor, was discouraged but he did not then foresee 
the enormous uses of transparent celluloid — movie film, for ex- 
ample. The dangerous inflammability of this cellulose nitrate 
material led to development of cellulose acetate film, the “safety 
film” used in homes and schools. 

The 1909 invention of bakelite (phenol -formaldehyde resins) 
opened up new paths for chemists. It had great commercial suc- 
cess as material for telephone receivers, handles for toilet articles, 
buttons, fountain pens, pipe stems, electric insulation, and hun- 
dreds of familiar articles. Naturally imitations and developments 
followed. 

The urea- formaldehyde resins or plastics take colors well, have 
reasonable breakage resistance and therefore find use as cheap 
table ware. 

The vinyl resins, and the closely related vinylidene resins are 
the result of the polymerization of simple molecules (linking them 
together in chains given strength by cross-chain bonds). Since one 
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of these resins is tasteless, odorless, and harmless, it is in consider- 
able use as a thin film lining of food containers and beer cans. 

One of the vinyl plastics, in flexible form, is said to make an 
excellent inner tube for rubber tires because it is absolutely 
impervious to air. 

Saran (Polymerized vinylidene chloride) is a recent arrival 
with great promise. It can be formed into strong fibers for fabrics 
or molded into pipe resistant to concentrated acids, alkalies (ex- 
cept ammonia), and many other chemicals. With restrictions on 
the use of metals, as in wartime, saran may be used for plumbing. 
Strong flexible films of saran, water-resistant, are used for 


wrappings. 

Such modified rubber plastics as pliofilm in thin, tough, trans- 
parent sheets protect fresh fruit and other foods to a remarkable 
degree. In the near future pliofilm in particular will pro- 
foundly influence world trade in perishable foods. It is rat-prool, 
vermin-proof, tasteless, and odorless. Koroseal (polymerized vinyl 

chloride) substitutes for rub- 
ber in such material as rain- r Hot Electrode 

coats, umbrellas, shower cur- 
tains, hospital bed -sheeting, 
and table cloths. 

Plywood , thin sheets ol 
wood bonded under pressure 
and heat with waterproof 
plastic glues, is already in 
great use for the construc- 
tion of airplanes, light boats, 
portable houses, etc. One 
type of plywood, in propor- 
tion to weight, is stronger 
than some alloy steels. 

Dielectric heating of plywood layers greatly speeds up the 
setting of the plastic bond (minutes instead ol hours) because heat 
is generated instantly and uniformly throughout the mass by the 
high-frequency electric current (several million cycles per sec- 
ond). 



Top of 
Press 


z Base of 
' Press 


Fig. 1 7 5. Dielectric heating of plywood in 
a high-frequency field between two metallic 
surfaces having a relatively high difference 
of potential between them. (Courtesv 
Chemical Industries). 
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Formaldehyde 

Group 


Cellulose 

Group 

(Esters, except 4) 


Vinyl 

Group 


TYPES OF PLASTICS 

1. “Bakelite,” etc. Product of formaldehyde -f phenol 

2. Variation of above. Formaldehyde -f- other phenols 

3. Variation of above. Other aldehydes + phenol 

4. Casein plastics. Formaldehyde + casein of milk 

5. Other protein plastics. Formaldehyde + protein of 
soybeans 

6. Urea plastics (Beede, Plaskon, etc.). Formaldehyde -f 
urea 

[7. Melamine plastics. Formaldehyde melamine 

1. Celluloid. Cellulose nitrate + camphor 

2. Variation of above. “Tenite,” “Lumarith,” etc. Cellulose 
acetate 4- camphor 

3. Variation of above. Cellulose acetate-butyrate 
[4. Ethyl cellulose (an ether). Oil-rcsistant and tough 

1. Polyvinvl acetate or butyral or chloride 

Cl H 

2. Polyvinyl acetatc-chloride 

C=C is vinyl 

3. Polyvinyl acetal (“Butacitc”) | | chloride 

H H 
Cl H 

4. “Saran” (from vinylidene chloride) 

C=C is vinylidene 
| | chloride 

(5. “Koroscal” (from vinyl chloride) Cl H 

1. “Plexiglas” or “Lucite.” Methyl methyacrylatc 

2. Nylon (from adipic acid, etc.). Sheet form 

3. Polystyrene (from ethyl benzene, etc.) 

4. Pliofilm (rubber hydrochloride) 

5. Alkyd resins (from glyceryl phthalate and linoleic acid). 
“Glyptal,” etc. 

6. Vistanex (polymerized isobutylene) 

7. Butalvn, Amberol. Modified natural rosin plastics 

8. “Polythene.” Ethylene polymer. Resists H ; 0 and all 
solvents 

9. “Teflon” (polytetralluorethylene). Resistant metal 
coating 

The above plastics or synthetic resins arc selected from a large and rapidly 
growing list. 

Melamine resins give wet strength to paper and shrink- 
proofing to wool. 

The new water-emulsion paints depend upon the quick drying, 
or setting, of alkyd resins. These paints are excellent for porous 


Other 

Plastics 
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surfaces, require a minimum of organic solvent, or none, and 
yield very good protective films for indoor surfaces. 

By 1948 United States production of all plastics, not including 
rubber, reached the great annual total of 1,250,000,000 pounds 
and production is rapidly increasing. Vinyl resins lead with alkyd, 
cellulose acetate plastics, and the phenolic resins in large pro- 
duction. 

Exercises 

1. What is the greatest crop in the world? Why? 

2. What natural fiber does Nylon most closely resemble? Influence of Nylon 
on world affairs? 

3. With what materials do plastics compete? Will they ever be used for the 
bodies of autos? 

4. What was the earliest plastic made? I lie second? 

5. If cotton ceased to grow, would the important derivatives of cellulose be 
impossible? 

6. What are die protein plastics? 

7. What arc the uses of pliofilm? 

8. Name five synthetic fibers. 

9. How is urea used in plastics? Phenol? 

10. What is polythene? What are its possible uses? 

11. What is the explosive cordite? Dynamite? Guncotton? 
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Chapter 57 


FOOD AND NUTRITION 
CHEMOTHERAPY 


Food is needed by the animal body to replace worn-out tissues, 
to provide for growth in the young, and to supply heat to main 
tain the body temperature. Of course food is the source ol all 
the bodily energy. When a muscle contracts tissue is oxidized and 
heat liberated. It has been definitely proved that the body is a 
very efficient sort of engine. Practically the same amount oi 
energy in the ultimate form of heat is liberated when we eat and 
digest food enough to produce, say, 100 grams of carbon dioxide 
in the exhaled air as when enough coal is burned under a boiler 
to produce 100 grams of carbon dioxide. The average adult ex- 
hales 1100 grams of carbon dioxide, excretes 25 grams of u,ca ? 
and large quantities of hydrogen and oxygen in the form of 
water, daily. Protein is finally burned to urea while starch, sugar 
and fats arc burned to carbon dioxide and water. An alco 10 
lamp burning a pint a day is as large a source of heat or other- 

form of energy as an average man. 

Classification of Foods. In addition to water and air, the 

human body requires food from four great classes. 

Proteins we get in lean meat, milk, cheese, eggs, beans, peas 
and the cereals. The average protein molecule is very large anc 
very complex, and has a probable molecular weig it o sc\cia 
thousand. Proteins contain nitrogen, carbon, hydrogen, oxygen, 
and may contain sulfur. 

Different proteins are built up from nearly 30 different ammo 
acids (organic acids containing the basic NH? group anc a 
though a few of these acids may be synthesized from others in the 
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body, the majority must be supplied in the diet. Methionine, one 
of the two amino acids containing sulfur, is essential to life, and 
lysine to growth. So proteins lacking such amino acids are incom- 
plete and must be balanced in the diet by other proteins. White 
bread lacks lysine unless considerable milk is added in the baking 
as is now done with the best of the commercial breads. We now 
know that ten amino acids in proteins are essential. 


H 

I 

H— C— COOH 
H 

Acetic acid 


H 

H— C— COOH 

nh 2 

An amino acid 


Fats are found in meat, milk, nuts, and the oils expressed 
from corn, cottonseed, peanuts, coconuts, and soybeans. 

Carbohydrates are found as starch in the cereals, in rice, pota- 
toes, chestnuts, and various tubers, and as sugars in cane, beets, 
fruits, and other products. 

Mineral salts, or compounds, particularly those of iron, cal- 
cium, copper, manganese, phosphorus, and iodine, are obtained 
from milk, eggs, legumes, nuts, chocolate, vegetables, meats, and 
whole grains. 

In listing food requirements it is important not to overlook the 
vitamins so necessary to growth and vigor, or the cellulose 
roughage needed to give bulk and to keep the digestive material 
moving along. 


THE CHEMICAL COMPOSITION OF MAN 


Oxygen 

65 per cent 

Sulfur 

0.25 per cent 

Carbon 

18 

Sodium 

0.15 

H yd rogen 

10 

Chlorine 

0.15 

Nitrogen 

3 

Magnesium 

0.05 

Calcium 

1.5 

Iron 

0.004 

Phosphorus 

1.0 

Manganese 

0.003 

Potassium 

0.35 

Iodine 

0.00004 


Data from Sherman 



Digestion. It is a strange faet that animals arc unable to as- 
similate the very simple foods that nourish plants. And yet the 


Proteins 


Fats 


THE BALANCED RATION 657 

carbon dioxide, nitrates, ammonia, and potassium salts so relished 
by plants are soluble, whereas, with the exception of sugars, and 
urea for cattle, food for animals is insoluble and must be made 
soluble by the process of digestion before it can be transported 

throughout the body tissues. 

Partlv broken down in the stomach by pepsin 
Completely torn apart in small intestine by trypsm and erepsm 
Products carried through intestinal wall to all parts of body 
(Products built up again into tissue 

(Emulsified into minute droplets by bile in the small intestine 

Split by lipase into fatty acids and glycerine 
Products pass through intestinal wall with aid of bile salts 

Transported and built into fats again 
Oxidized as a fuel for energy 
Starch partly digested by ptyalin of saliva 

Starch converted (by amylase of intestine) into malt sugar 
(maltose) 

Maltose — glucose (by maltose) 

Glucose passes through intestinal wall 
Glucose oxidized as fuel for energy 

Cane su«ar split by sucrose of the mtestme into glucose and 
fructose 

In the outline above, the enzymes of the digestive fluids ate 
printed in heavy type. It is not essential that you commit then- 
names to memory, but you should know something of the general 

processes of digestion. . . , , . , 

The Fuel Value of Food. One gram of fat burned m lh< boc y 

yields 9 Cal. (1 Cal. = 1000 cal.), and it yields but little mor, 

when actually burned with (lame in a calorimeter. • 

analysis of any given food one can readily compute the cm g\ 

value of a pound or kilo of that food. The fuel values given here 

are, perhaps, a trifle* too low: 


Carbohydrates 


Fuel values 


1 g. fat = 9 C al. 

1 £• p r °tcin — 4 Cal. 

1 g. carbohydrate = 4 Cal. 


The Balanced Ration. A man of average activity should 
tain daily from his food about 3000 Calories of energy . Mams 
of proteins, 80-90 g. of fat, 400-500 g. of car boliyd ra t^^ 0 ,68 gram 
of calcium, 1 .32 grams of phosphorus, and ). ) gr. 
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However, the energy demand varies with the weight of the indi- 
vidual and with the amount of exercise taken. A growing youth 
requires more in proportion to weight and exercise. 

A varied diet, stressing milk and fresh vegetables, is the best. 
The utilization of fats is greatly aided by carbohydrates. More 
starch can be tolerated than sugar. 

The mineral salts, which it seems unwise to leave to chance in 
the diet, are compounds of iron, calcium, phosphorus, and iodine. 

Iron is essential to the red hemoglobin of the blood (although 
copper takes its place in the blue blood of lobsters) ; calcium to 
bones, teeth, and the blood; phosphorus to bones, teeth, nerves, 
brain and, in fact, to every cell in the body. A man of average 
weight has, in his tissues and bones, 3 grams of iron, 1.4 pounds of 
phosphorus, and 2.3 pounds of calcium. A trace of copper seems 
to help him utilize iron; a little iodine (combined) is vital to the 
function of the thyroid gland (in the neck) ; and both manganese 
and magnesium arc essential in very small amounts. Sodium 
chloride is not a mere seasoning and preservative for foods; it is 
needed in the blood and in the formation of the hydrochloric acid 
of the gastric juice. Liver, nuts, legumes and sea food are our 
richest sources of copper; milk is the best source of calcium. 

“Unless at least a pint of milk a day per person is used in a community 
serious nutritional errors are certain to develop and affect the vitality, sturdi- 
ness, and capacity to resist disease of a large number of both children and 
adults.” — Prof. Henry C. Sherman, Columbia University. 

Prolonged boiling of vegetables in excessive volumes of water 
— and draining off this water — is to blame for a great loss of 
valuable mineral salts and some vitamins. Cooking by steaming 
might save this loss and the use of a minimum of water would 
help. 

Yet after all precautions are taken to secure the right number 
ol calories, adequate proteins, and sufficient calcium, iron, phos- 
phorus, roughage, sodium chloride, and even the little sodium 
iodide needed to prevent goiter, a person may waste away for lack 
of vitamins. 

Much research, in recent years, has been put into the problem 
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of producing a palatable yeast as protein food. Dried yeast is 
50 per cent protein and if grown on cane molasses the yield per 
acre is several times that of the next best protein crop soy- 

beans. 

Vitamins. Many dietary observations since 1897 led to the 
discovery that animals require for growth and health very small 
quantities of certain accessory food substances not recognized by- 
ordinary analysis of animal tissues. These accessories, practically 
unheard of before 1911, we call vitamins. Their methods ol func- 
tioning are not yet fully understood. At least eight or ten are well 

known, and several others are 
being studied. Several have 
been synthesized in quantity, 
greatly reducing costs and in- 
creasing the amount avail- 
able. 

Diets composed essentially 
of bread, meat, potatoes, 
sugar, and fats other than 
butter arc likely to contain 
too little of vitamin A. Un- 
fortunately such diets are all 
too common. For that mat- 
ter, such a diet is deficient 
in the other vitamins and in 
salts; so it may well be con- 
sidered unsafe. 



Fig 176. Crystals of lemon-yellow vita- 
min A (the alcohol) containing one mole- 
cule of CH.OM of crystallization. Isolated 
in 1936. Holmes and Corbet, J. Ain. 
them. Soc.. 59, 2042 (1937). 


lerca unsaie. r ,, <0 i ll ui 0 

/ . w i c i red compound, Cejnil^fM soiuijk. 

or m. 

and green, leafy eegclakles, .eU.ally ; 

ii --w 

, • ,• 'i u,. n( . w svnthetic vitamin A lias not ><>■ 

store in their livers. 1 he new 

reached the commercial stage. 
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Shark liver oil averages nearly 40,000,000 units of vitamin A 
per pound. The average man needs only 5000 units daily in his 
food. 

Losses in Storage and Cooking. There is some loss of vitamins from foods 
due to the action of oxygen and light. This loss is serious in the case of ascorbic 
acid, vitamin C, which is very sensitive to oxidation. The water-soluble 
vitamins (B complex and C, etc.) may be lost along with minerals if water in 
which vegetables are cooked is thrown away. It should be saved for soups 
and drinks. 

Unfortunately, 90 per cent of the vitamin B in whole wheat is 
lost in the milling process when white flour is produced. The 
campaign to “enrich” this flour by restoring the lost Bi and G 
and, perhaps, iron and calcium, is succeeding. More than 
40 per cent of our flour is now enriched. 

The “B complex” consists of a dozen vitamins but of these only 
B], G (riboflavin) and niacin are well known to the public. Yeast 
is a rich source of the “B complex.” 

A great deal of milk for children is “irradiated,” treated with 
the proper wave-length of ultra-violet light in order to give it a 
substantial amount of vitamin D, the bone builder. 

Vitamin K, an antihemorrhagic factor, is of value in some 
cases of bleeding. 


GOOD SOURCES OF VITAMINS 


Vitamin A and 
Carotene 


Vitamin B| 
(Thiamin) 


Butter, milk, eggs, carrots, green leafy vegetables, toma- 
toes, sweet potatoes, green peas, liver, and fish liver oils 
: Capsules of fish liver oil concentrates 

(Carotene, C 10 H S r., of plants (converted into A by animals) 

Outer layers of grains, wheat germ, yeast, lean pork, vege- 
tables 

v Now synthesized by the ton 


Vitamin C 

(Ascorbic acid) 


Vitamin D 


Citrus fruits, raw cabbage and raw spinach, green peas, 
tomatoes (fresh or cooked), melons, and various fresh 
fruits and vegetables 

Now synthesized from glucose by the ton 

Liver oils. Very little in ordinary foods. Outdoor sunshine 
converts ergosterol of skin into vitamin D 
| “ Viosterol” (synthetic D) now synthesized from a chemical 
( in yeast 
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Milk, eggs, liver, potatoes, spinach, asparagus, kale, grape- 
fruit, and yeast 
Now synthesized 

Niacin /Liver, kidney, lean meals, fish, milk, green leafy vegetables 

(Nicotinic acid) \ Synthesized at low cost 


Vitamin G 
(Riboflavin) 


VITAMIN INFLUENCES 


Vitamin A 

C20H29OH 

Vitamin Bi 
(Thiamin) 
C, 2 H 16 ON 4 S 

Vitamin C 

(Ascorbic acid) 

c 6 h 8 o 6 


Aids growth, general health, resistance to disease 
; Prevents night-blindness (important m driving at night) 
loften helpful in eye strain caused by fine mechan.cal work 

Prevents beriberi, promotes appetite, tones up digestive 
system, and builds up vigor and morale 

Prevents scurvy and is necessary to sound teeth and healthy 

Aids wound healing, is helpful in shock, builds up resistance 

Ext^amo'unts of 200-500 milligrams (or more) daily often 
help in hay fever and other allergies 

% 

f Prevents rickets 

\ Necessary to sound bones and teeth 


Aids growth and general health 


Vitamin D 
C»H (1 OH 

Vitamin G 
(Riboflavin) 

C,7H 2 oN 4 C>6 
Niacin f ,, 

(Nicotinic acid) | Practically prevents pellagra 

CoIIiO.N 1 

CHEMOTHERAPY 

Vitamins and hormones are alike in regulating t ^ b ^J V 1 l>r ^ 
esses. However, we get our vitamins m our looc and s>n,lu.izc 

our own hormones, such as insulin and thyroxine. 

Thyroxine, the potent hormone of the thyro d «lam s 65 x. 
cent Line. It has been isolated and synthes /«d- £ nc all 
tractcd only 35 grams of thyroxine -m 3 om erf Irish thyro.d 

glands, so it is fortunate that it can x 11 1( f , part j n 

Adrenaline is present in blood plasma the x ^ 

20,000,000, yet it is a pow^c^lor 

nervous system. 1 he sex horm •’ ol one 

aids to the physician. Butcnandt extracted only 13 mg. 

from 25,000 liters of urine. 
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Synthetic medicines like sulfanilamide, sulfapyridine, sulfa- 
diazine, and other “sulfa drugs” are doing wonderful service in 
the treatment of pneumonia and several other diseases. In a 



Fig. 177. Crystals of sodium penicillin, X 90. (Courtesy E. R. Squibb and Sons). 

recent five-year period they reduced the death rate from pneu- 
monia to 30 per cent of its previous value. Penicillin, rivaling 
sulfa drugs, has been isolated from a mold. See page 639. Several 
other “antibiotics” have been produced from molds. 


so 2 nh 2 

/X 

XX 

NH* 

Sulfanilamide 


SOoNH 




✓ 


N- 


V/ 

NH. 

Sulfapyridine 


> 


In the above diagrams a CH is understood at each corner of 
the benzene hexagon (unless otherwise shown). 

There are 50,000,000 sufferers from malaria in the world and 
at least 3,000,000 deaths from it yearly. There will never be 
enough quinine to treat all these patients (and it does not cure), 
so tremendous and successful efforts were made to synthesize 
better anti-malarials. 


VITAMINS 
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In contrast to helpful medicines the lot ol man has been vastly 
improved by such “killers" as ANT U (alpha naphthylthiourea), 
the most useful rat poison, and DDT, toxic to mosquitoes, flies 
and other dangerous insects. 

Improvements on morphine give great promise. Chemo- 
therapy is a fertile field for research. 


Exercises 

1. If you have access to a food chart, make out a menu for the three meals 
of the day, tabulating the weight in grams of each portion as nearly as 
can be estimated, the percentage of fat, protein, and carbohydrate and 
the total fuel value of each portion. The total for the day must be 3000 Cal. 
and about 75 g. of protein must be included. The calculations must be 
based upon the analyses given in the table. More extensive tables are 
found in books by Sherman and Eddy given in the following list ol refer- 
ences. In Rose’s Feeding the Family may be found a table giving the weight 
of 100-calorie portions of various foods and another giving calories per 

pound. 

2. How can we test a food for vitamins? 

3. Why is not one protein as good as another? 

4. What is an enzyme? Have you any with you? 

5. Name five foods that are rich in three vitamins. 

6. What arc the best food sources of calcium, phosphorus, manganese, 
copper, and iron? 

7. What finally becomes of the protein nitrogen in the body.' 

8. Give the weights of carbohydrate, protein, and fat which would supply 
a menu, such that the total food value was 3000 Cal., .ha, Ta g of protein 
was included, and .ha, the remaining fuel value was divided vpiull, 
between carbohydrates and fats. Consult tables in books on nutrition. 

9. What cooking losses occur with vitamins? 

10. What are the food sources of vitamin A and carotene? 

11. What is the cause and meaning of “night-blindness”? 

12. Wha, vitamin deficiencies are associated with scurvy? Beriberi? Rickets. 
Pellagra? 

13. What important vitamins have been synthesized? 

U. How are you cheating yourself if you ea, white bread? Wha, do you 
propose to do about it? 

15. What vitamin helps victims of hay fever and food allergies? 
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Chapter 58 radiation chemistry 


Science includes in the electromagnetic spectrum rays that affect 
the eye and others such as the ultra-violet. X-rays, and infiared 
which affect the photographic plate. The term light is further 
extended by physicists to include heat rays and wireless waves. 
Wave lengths arc expressed in millimicrons, or m Ang- 

O 

strom units (A). 

1 lYlfjL = 1 millionth of 1 millimeter, 

1 m/x = 10 Angstrom units 

The extreme wireless (radio) waves may be ixpicsscd in trims ol 
kilometers, yet signals have been sent with waves as short as one 
centimeter. The wave lengths ot visible light range from < m/x 
for the shortest violet to 800 m/z for the longest red. a light octave 
somewhat analogous to the octave in music, based on a doubling 
of vibration frequency. The velocity of all light radiation is the 
same, hence there is an obvious relation between wa\c cn ^ 1 1 
and the number of vibrations per second (vibration frequency). 
Lemon states that if we call the range of visible light one octave, 
the known radiation range is 60 octaves. I h< diagram on page 

666 (not drawn to scale) represents this range. 

The Octaves of Light. The electrical nature ol light was first 
clearly postulated by Maxwell in 1873 and confirmed in 1888 by 
Hertz, who created electric waves of the type now used in «adio f 
with properties similar to visible light waves. 1 he former gap 
between radio waves and visible light has now been bridged, 
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working from both ends. X-rays arise when electrons, radiating 
with lightning-like speed from the cathode in a high-vacuum 
electric discharge tube (p. 299), strike a plate of metal (usually 
a tungsten “target”). Gamma rays, emitted from radium and 
similar elements, are similar but shorter in wave length. 

The effects observed in connection with cosmic rays seem to be 
due, in part, to radiation of wave lengths still shorter than the 

gamma rays. 

Matter Waves. A beam of light, once thought to consist of 
waves, is now said to act in certain respects like waves and in 

Electromagnetic Radiation 



Fig, 178. The range of electromagnetic radiation. (Courtesy Smithsonian 

Institution, 1933 Report.) 


other respects like a stream of particles. “Photons” are corpuscles 
of light. Similarly a stream of electrons has shown diffraction 
(formerly supposed to be characteristic of waves) and now beams 
of ionized atoms show diffractions. A stream of hydrogen atoms 
fired at a crystal of lithium fluoride was diffracted so that the 
wave length of the flying atoms was calculated. This atom-wave 
(not identical with a light wave) is very short, approximately the 
diameter of an atom. 

The wave length of these matter waves depends upon the 
velocity and mass of the particle. Diffraction patterns, states 
Davissohn, produced by a beam of high-speed electrons passing 
through a film of silver are recorded on a photographic plate in 
rings in exactly the pattern calculated from the crystal structure 
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of silver and the assumption that the electron beam is a beam of 
monochromatic X-rays. 

Electron Beams. Inventors have developed an election micro- 
scope, with far greater power than previous instruments, using 
electromagnets or electric fields to focus the electrons. If these 


Electron 

Source 


Magnetic 

Condenser 


Magnetic 

Objective 



Light Source 


I . \ 


Condenser 

Lena 




Objective 

Lens 


Intermediate 

Image 

Projector 


— ■ 

T 


- 

/ \ 

— 


/i\ 

/|\ 

i. !_^ 


Projector 

Lena 

(Eye Piece) 


/ ! \ 


/ \ 


I t ' 

/l\ 

/ I ' 

/ I \ 

/ I ' 

/ i \ 


Second Stage 
Magnified Image 


i 

L 



» 

A 


Observation 

Screen 


i 

L 


\ 


(Photographic Plate) 


Fig. 179. The RCA electron microscope is here represented ^»mnmhca | lr ) |n 



electrons hit a fluorescent screen of zinc sulfide they will he made 
visible, in a sense, by the light flashes or glow on t it st t 

In the electron microscope a beam o( high-v< otit\ t < ' tuns 
takes the place of light. The electron rays are converged by a 
magnetic condenser (instead of the usual lens) onto the specimen. 
The beam passing through is focused by a magnetic ob|ei m. o 
form a first image, enlarged about 1000 times. X he pr o,e. tor-lens 
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coil then magnifies this image about 250 times to reach a final 
value of 25,000. This enlarged image can be viewed directly by 
aid of a fluorescent screen or it can be recorded on a photographic 
plate. Photographic and screen enlargement may be effective up 
to 100,000 diameters or more. Hitherto the limit of magnification 
had been 5000 diameters. Streptococcus germs, viruses, and 

the larger organic molecules 
\ take on new meaning under 
such new microscopy. 

Debye has been getting 
bull’s-eye ring pictures of 
. p-w- ^ molecules by shooting 30,- 

\ [ A 000-volt electrons down a 

small vacuum chamber 
f where they pass through mo- 
lecular gases to be studied. 
These gases scatter them 
into rings whose size de- 
pends upon the interatomic 
distances in the molecules. Such electron waves correspond to 
0.05 of one Angstrom unit of length. 

By measuring the diffraction patterns of electron beams shot 
through the vapors of various substances the distances between 
atoms in complex molecules have been determined. When these 
distances are found to be abnormal for a given pair of atoms an 
oscillating or resonating structure is indicated. Similar patterns 
obtained with crystalline solids have made possible an under- 
standing of the lattice structure. The C-C distance in the benzene 
ring averages 1.3') Angstrom units, yet the influence of single and 
double bonds must be noted. 



Fig. 180. Electron microscope photograph 
of zinc oxide smoke, X 42, 000. (Courtesy 
Stamford Research Laboratories, Ameri- 
can Cyanamid Co.) 


C - C, 1.54 A C - N, 1.47 A 

C = C, 1.34 A C. = N, 1.28 A 

An electron beam can crack some hydrocarbons into smaller 
molecules. 

Light Quanta. Radiant energy comes to us in little packets or 
quanta which vary with the wave frequency of the light. The 
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PHOTOCHEMICAL REACTIONS 

longer waves such as red have smaller quanta than the shorter 
such as violet. In fact X-rays, gamma rays, and cosmic rays with 
the shortest wave length of all have almost infinitely larger quanta 
than visible light. In other words the value of the quantum is 
directly proportional to the vibration frequency, 

E = hv , 

where E is the energy of a quantum, h is the Planck constant, 
and v is the frequency. 


ENERGY OF RADIATION 

(One electron-volt represents the energy of one electron that has fallen through 

a difference in potential ol oik volt) 

Photons from an electric lamp 2 cUciion \olts 

x rays 20,000-100,000 volts 

Gamma rays (fro.n protactinium) 2 =00.000 000>000 ,000 volts 

Cosmic rays 

The photoelectric effect of X-rays or ultra-violet ray. “tals 
strengthens this conception. The velocity of .he electrons , 
loose from metallic surfaces by those radiations ha. no ^ 
to the mere intensity or brightness ol modem hgltt (tit M • 
the intensity the greater the number of electrons .or, I oosc 
changes only with the color (vibration frequency) ol the U • 
Presumably a single light-quan.um is used up m hbt.at.ng a 

single cleclron from the metal. . 

Photochemical Reactions. The electrons row mg 1 mo-nd the 

nucleus of an atom are considered to exist a c i < 

levels. An atom is said to be in an "excited state ” 

more electrons are out of their normal energy levc • ^ P'^ 

farther from the nucleus by radiant energy from » 

collisions. When sucli misplaced elections rilurn pending 

energy levels light is emitted, its w hie 1. the 

upon the energy difference oi i nc rg> 

electron falls back. The transition is always abrupt, or >n steps, 

^Thcse excited or activated atoms <;in ,ak |‘ ,,a,t Vm^long 
reactions to which they were previously md.llcrcnt. It has Ion, 
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been recognized that it is only the absorbed light that influences 
chemical reaction. Photographs of the spectra secured when light 
passes through the substance to be studied may show an absence 
of certain usual lines. This indicates absorption of energy cor- 
responding to the light vibrations responsible for such spectral 
lines. When such energy is absorbed some molecules of the 
illuminated substance must be made more active. 



Fig. 181. On the right an atom is excited by some outside energy (light, heat. 
X-rays, electron bombardment, etc.) and electrons arc displaced to energy levels 
farther from the nucleus. If over-excited the atom may lose an electron and become 
an ion. On the left an excited atom radiates light as the displaced electrons fall back 
to lower energy levels. If an electron returns all the way to the inner K level ultra- 
violet light is radiated. 

I wo substances, otherwise unreactive under the influence of 
radiations that they do not absorb, may often be made to react 
by addition of a third substance that does absorb some of the light 
energy. Such substances, sensitizers, as they are called, are found 
among the dyes and used in photography. 

Mercury vapor may readily be activated or excited by radia- 
tion. 

II an excited mercury atom collides with a hydrogen molecule, 
part of the energy of excitation can be used to dissociate the 
molecule into hydrogen atoms which become excited. 

Chlorine molecules arc dissociated to some extent by light and 
the very reactive chlorine atoms may then attack the hydrogen 
molecule as shown in the following equation. 

(Active) Cl -T H 2 — > HC1 + H (active) 

(Active) H -f- Cl 2 — > HC.l -f- Cl (active) 
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Obviously a few active chlorine atoms may go on like this, caus- 
ing the formation of a great deal of HC1, a typical “chain re- 
action.” 

Reactions in winch a scries of processes results from the pri- 
mary activation of one molecule are called chain reactions (Sot 
confined to photochemistry.) Uranium fission is a chain reaction. 

Photography. Photography, modernized picture-writing, is 
an essential tool for the astronomer, and is now coming to the aid 
of surveyors and military air-scouts in photogi aphing mountain 
ous or otherwise inaccessible regions. I he physician, suigi orK an 
dentist rely upon X-ray photographs in the diagnosis ot disease. 
Even the historian uses photographs in reconstructing the past. 
Instruction and amusement lean heavily upon photo_inpn. 

Scheele, famous for other brilliant work, discovered the photo- 
chemical decomposition of silver chloride in 1 1 '7, ng n \ > ain 

ing the darkening on sunlight and proving analviica \ 1 iat 1 ie 
silver chloride is decomposed to silver will, loss ol chlorine. 
Daguerre, about 1837, made the great discovers- that an invisible 
image (latent) on silver iodide previously expost c in a < ni . 
could be made visible, or developed, by turning the pate wi i 
mercury vapor. Talbot, about 1839, advanced photography ext 
more than did Daguerre (of “dague, .eotype lame). 

The fundamental reaction in ..Holography is iha, produced by the action 
of light on the silver halides: 

2 AgBr (in light) 2 Ag + Br- 
in the dark this reaction is slowly reversed It ' ^ or !>rXVl >1^ 

gelatin in sensitive films is to take care oft i« r« « ‘ 1 ' j|h iiU . lsr ol S)(I11< |„.»- 

a solid solution oi silver in silver bromide is chloride 

mine. That chlorine is actually set free by .hr - »•. - ^ ^ 1 in a 

may be shown by the smell. I he l<*s m " 1 */ |||>t |,i. u kene.l by light 

half-year, if the chlorine is allowed to esca|>« . -W 



plate than there are people on the gl 
of a lens an image is formed on 
intensities of light as reflected fro 


1,1m in the camera with varying 


of a lens an image is formed on the plate or . n,us the cliemical 

in white or aarnc i 
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effect of light on the silver halide varies throughout the film in accordance 
with the image. The image is said to be “latent” and is not visible to the eye 
until a developer (always a reducing solution) completes the reduction of the 
subhalide to metallic silver. A developer must have sharply selective reducing 
action, reducing only the exposed silver bromide and not the unexposed. 
Reduction means the gain of electrons by the silver bromide with release of 
metallic silver. From the developing bath the plate is taken to a “hypo” bath 
of sodium thiosulfate, which dissolves any unused silver halide. If this were not 
washed out, later exposure to the light would render the entire image uniform. 
The washed and dried negative is then a picture composed of varying thick- 
nesses of metallic silver. This is printed on sensitized paper, which is merely 
a film much like that of the original plate, backed by paper. Silver chloride 
papers yield a visible image without further treatment. These arc used for 
“proofs.” To make them permanent they are washed with sodium thiosulfate 
solution to remove unused silver chloride and mav then be “toned” in a solution 

4 

of a gold or a platinum salt. Metallic silver displaces gold from solution, thus 
converting the image on the paper into the rich red-brown of metallic gold. 
Platinum prints, prepared in a similar way, arc steel gray. 

If silver bromide papers arc used, a latent image is obtained on printing. 
It is developed like the original plate. Since bromide papers are extremely 
sensitive, they are printed by artificial light. Silver halide alone is reduced by 
a developer but in presence of gelatin only if previously exposed to light. 

At the beginning of the present century it was hardly possible 
in astronomy to photograph a spectrum range of more than 
about 2700 Angstrom units, i.c., from 3300 to 6000 A. But today 
fully twice that length of spectrum (i.c., from 6000 to 12,000 A. 
in the infrared) has been added. Much of this great gain has 
resulted from the development of better emulsions and sensitizers. 

1 he light energy absorbed by a sensitizing dye may be passed 
on to the silver halide, possibly increasing the effect in the red 
and green wave length.; (needed to balance the more active blue 
and violet wave lengths. Dyes arc known that extend the photo- 
graphic range far into the infrared. 

W ith infrared plates the presence of ammonia was detected in 
the atmosphere oi jupiter, and carbon dioxide on Venus. Infra- 


red light penetrates atmospheric haze and makes possible photo- 
graphs of objects 330 miles away, in which the curvature of the 
earth is clearly visible. It is suggested that since some paints are 
tiansparent to infrared light it might be possible to detect cor- 
rosion taking place beneath coated surfaces. 



ULTRA-VIOLET LIGHT 
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Documents made illegible by charring may be read by the aid 
of infrared photographs. Prisms of LiF, NaCl, and KBr are used 
in infrared work. 

The Photochemistry of Plants. All the vast amount of carbon 
dioxide thrown into the atmosphere by processes of combustion, 
of decay, fermentation, and animal respiration is eventually 
taken up by plants as invaluable food. In the sunlight chloro- 
phyll, the green coloring matter of leaves, is formed and catalyzes 
the following reaction (probably in stages) : 

6 C0 2 + 5 H 2 0 — ► C 6 H 10 O 5 + 6 0 2 


But for this return of oxygen to the air, we should eventually 
suffer from an oxygen famine and animal life would cease. I his 
C 6 H, 0 O 5 is starch which may be rearranged into cellulose, the 
woody fiber of plants. The wonderful laboratory in the green 
leaf can change starch (insoluble) into soluble sugar for trans- 
portation to parts of the plant needing new material. It is there 
changed again into starch or cellulose. 


To use up the carbon dioxide given ofi by the average man m 
24 hours some 60 square meters of green leaf surface are required. 
Yellow light seems to be most favorable for plant grow th. One 
of the most important problems facing scientists is the discoveiy 
of the secret processes by which nature in the green leaf comeits 
radiant energy of the sun into sugars, starches, and cellulose. 

Research to find the secret of photosynthesis has recently re- 
ceived powerful aid from compounds containing radioactive 

carbon as a tracer element. 


‘ Ultra-violet Light. Light waves from the sun extend into the 
ultra-violet region to about 290 m/z, all shorter being absorbed 
in passing through our atmosphere. I he rays from this limit of 
290 to about 310 m y. have been shown to be very beneficial 
in the cure of rickets, surgical tuberculosis, in hastening the cure 
of wounds, and in improving the general health and growth of 

those receiving such radiations. 

Ordinary glass transmits a portion of the ultra-violet nearest 
the visible region of the spectrum, but entirely eliminates vital 
rays between 290 m y. and 310 m/z. Quartz glass is very trans- 
parent to such waves but is extremely expensive. 
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ULTRA-VIOLET LIGHT 

Huge synthetic crystals arc now serving science in regions of 
the ultra-violet and infrared where glass has unfortunate limita- 
tions. A prism of rock salt transmits out to 200,000 Angstroms in 
wave length. Lithium fluoride transmits far out in the ultra- 
violet region. , 

Sterilizing lamps are now used in operating rooms of hospitals 

and in rooms for cold storage of foods. With their aid in killing 
molds that would develop at a temperature suitable for rapid 


Mercury 

Arc 


Tungsten 

Electrode 


Tungsten 

Filament 



Tungsten 

Electrode 


Pool of 
Mercury 


Fig. 183. The “Sunlight Lamp." Heat from « 

little mercury and there results a mercury ai ’ » ultra-violet to give a 

The special glass of the ^ ^ 

light hath at three feet equal in medical 

Electric Co.) 

tenderizing of beef by enzymes present, tough meat may be made 
more valuable. For killing bacteria the most effective ultra-violet 

wave length seems to be 2537 A. 

A few commercial glasses with very good ultra-violet tra ■ 

mission have been developed recently for sun rooms and hosp . Uk. 

Thin films of powdered silver and gold are transparen m 

ultra-violet light but opaque to the visible. Naturally u a- 

violet photographs must be taken with a quartz or transmuting 

glass lens properly silvered. 
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The sun’s ultra-violet light, especially shorter wave lengths that are cut off 
by the miles of air in our atmosphere, converts the dry upper oxygen into 
ozone, and perhaps ionizes some of the air, forming a downward -reflecting 
ceiling for radio waves. 

Infrared rays are too long to be seen, and too short to be 
heard in radio receivers but they can be measured as heat by a 
bolometer — a device in which the electrical conductivity is 
altered by heat rays. 

The latest and most sensitive is the Andrews bolometer in 
which a strip of columbium nitride, when cooled to near absolute 
zero becomes “superconductive.” When warmed only one mil- 
lionth of a degree the bolometer gives a clear electrical signal. It 
can register heat waves from the body of a man 500 yards distant. 

The “sniperscope,” an infrared telescope mounted on a carbine, enables a 
soldier in total darkness to hit a target the size of a man at 75 yards. The 
similar “snooperscope” attached to a driver’s helmet has enabled scout cars 
to speed over roads at 50 miles an hour without lights. The infrared rays or 
black light from objects make a visible image on a suitable screen. Infrared 
filters on searchlights make it possible to throw beams of this invisible light on 
enemy tanks at night, and the rays are reflected back and made visible. 

Fluorescence. Fluorescence on radiation by strong ultra- 
violet light (in the dark) is an important analytical tool. Cellulose 
acetate fluoresces strongly while cellulose nitrate fluoresces but 
little. Many substances can be identified in this way. Quinine 
shows fluorescence in acid but not in alkaline solution and so 
could be used as an indicator. 

Now fluorescent lamps are in common use. The ultra-violet 
rays from mercury vapor in the tube excite certain fluorescent 
substances lining the lamp. White light or colored may be 
produced with superior efficiency. 

The fluorescent lamp is three times as efficient, in terms of 
light for current used, as the tungsten filament lamp. 

Electrons in vacuum tubes are driven from the cathode in 
three ways: high voltage, heating, and light. In fluorescent light- 
ing tubes the cathode is sometimes coated with barium oxide or 
strontium oxide because these substances emit electrons more 
readily than the metal cathode beneath. 
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“Phosphors” is a term used to designate substances that fluo- 
resce in ultra-violet light or other radiation. Zinc silicate mineral 
fluoresces with a yellow light under X-ray treatment. It may be 
activated by a little manganese impurity, and made to fluoresce 
better. So activated, it is best excited by ultra-violet at 2537 A. 
Zinc sulfide phosphor is at its best in the near ultra-violet. 
Although zinc sulfide prepared by heating thirty minutes at 900 
will fluoresce light blue, the presence of 10~ 5 fraction of cupric 
sulfide in the mixture will change the fluorescence to a brilliant 

green. 

The rapid commercial development of fluorescent lamps has 
forced superrefinements in preparation ol the fluorescent coatings 
due to the fact that traces of certain impurities such as iron may 
decrease fluorescence to nearly nothing. Television tubes are 

coated with phosphors. 

Chemiluminescence. Most chemiluminescent reactions arc 
oxidations. The most striking of these is the oxidation ol 3-amin- 
ophthalhydrazidc (“luminol”) by hydrogen peroxide and potas- 
sium ferricyanidc in dilute alkaline solution. 1 he bcaut> o tie 

light is astonishing, and it lasts several minutes. 

Making the solution slightly acid, with dilute sulfuric, stops 
the luminescent reaction but upon further addition ol alkali 
(NaOH) the light is again radiated beautifully — and without 
apparent heat. “Luminol” can be purchased from the Last, nan 
Kodak Company or prepared as directed in J. Chem. Ed., II, 14_ 

( 1934 ). 

Light produced by living organisms is due to two separable substances 
luciferin which is oxidized in air and moisture, and lucifcrasc. When the two 
are mixed light is radiated. 

The Photoelectric Cell. “Metals differ in power of emitting 
electrons under illumination. Best conditions are obtained by 
putting the metal in a glass or quartz enclosure, and controlling 
both the kind of atmosphere and its pressure. The more electro- 
positive the metal, the more photo -sensitive; so in place of zinc 
and copper, in the earlier studies, an alkali metal, potassium, 
rubidium, or cesium, is used in non-reacting atmospheres an 
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inert gas. argon, helium, or neon — at a low pressure suitable for 
multiplying the photo-current by the electric conduction induced 
in the gas by collision of the electrons with the gas atoms. 

“The typical photoelectric cell is a glass bulb, with one elec- 
trode, the cathode, usually a layer of alkali metal on the inner 
surface, with a wire leading out through the glass, and another 
electrode, the anode, a loop of wire, likewise carried out. Connect 
these two wires through a galvanometer and let light shine into 
the bulb; the galvanometer will show an electric current flowing. 
The current starts and stops instantaneously; it is proportional to 
the illumination. It is quite small, but with proper instruments it 
may be used to measure the intensity of light from such faint 
objects as sixth magnitude stars.” (Herbert E. Ives.) 

With an outside electromotive force, as from a battery, these 
electrons — or photoelectrons as they are termed when driven out 
of atoms by radiations — will carry the current. 

The alkali metals are most favored as the light-sensitive mate- 
rial of photoelectric cells and of these cesium is the best — at 
$4000 per pound ! 

The photoelectric cell is at its best when the bulb is filled with 
argon at 0.1 mm. 

For the talking pictures a beam of light passing through the 
sound tracks on the film hits a photoelectric cell with variations 
in light intensity which arc reproduced through the amplifier and 
loud speaker as sound and speech. 

Since the photoelectric cell can (upon interruption of a beam 
of light between cell and mirror) cause relay contacts to close, it 
is possible by its aid to operate signals, power switches, counters 
of people and moving objects, or to start and stop machines, 
close elevator doors, and turn lights on and off. 

The Spectroscope. A beam of sunlight passing through a 
transparent prism is dispersed into the colors composing white 
light (Fig. 184). I his is due to the fact that in entering one trans- 
parent medium from another the different wave lengths of light 
are bent in different degrees. Against a white screen these colors 
are projected in a band called the spectrum. The spectroscope 
(Tig. 185) consists of a glass prism, a tube containing lenses and 
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an adjustable slit to admit a narrow beam of light, a telescope 
with which to view the spectrum, and a third tube which pro- 



jects the image of a measuring scale on the field. Small direct- 
vision spectroscopes are made ol a single tube with lens, pi ism, 

and slit inside the lube. 



Fig. 185. The spectroscope. 


Bright-line Spectra. An incandescent solid gives a continuous 
spectrum of all wave lengths. An incandescent gas gives a spec- 
trum made up of one or more bright lines, sometimes a large 
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number. These are always characteristic of each element, both 
in color and in the exact position of the lines. For example, if 
light from a sodium flame is viewed through the spectroscope, a 
single yellow line is observed. Incandescent helium gives a spec- 
trum of definitely located red, yellow, green, and blue lines, and 
may be recognized by them. 

Electrons move in definite orbits or levels related to their en- 
ergy and yet there must be sub-levels to account for all the 
spectral lines. 

Bunsen and Kirchhoff, in 1860, working with the spectroscope which they 
had just invented, discovered certain peculiar bright lines in the spectrum of 
the residue from a spring water. This clue led them to the discovery of the 
clement cesium, responsible for the lines. Rubidium (discovered the next year 
in lepidolite) receives its name from two very bright red lines, and cesium 
(c<esius, sky-blue) from two bright blue lines. Compounds of these elements 
are found in very small amounts in camallitc and in lepidolite. 

Dark -line Spectra. The spectrum of the incandescent sun is 
really not continuous but contains many dark lines (Frauenhofer 
lines, because they were first mapped by Frauenhofer in 1814). 



Fig. 186. 'I he absorption of light of a definite wave length may be characteristic 
of a substance. In the spectrogram above curve I represents light transmission (and 
absorption) of 1 gram of cobalt sulfate per liter of aqueous solution. Curve II repre- 
sents the proportionately greater absorption by a solution of ten times this con- 
centration. 

These are explained by the fact that when, for example, light 
from a white-hot solid passes through a yellow sodium flame 
there is a dark line in the yellow part of the spectrum. In other 
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5. What were the military uses of infrared rays? 

6. Could absorption spectra help identify human blood? 

7. How do plants utilize the carbon dioxide of air? 

8. What is the chemistry of photography? 

9. How does an excited atom radiate light? 

10. Of what commercial use arc “phosphors”? 
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APPENDIX 


VITAL STRATEGIC MATERIALS, NOT ADEQUATELY 
PRODUCED IN THE UNITED STATES 


MATERIAL 


Rubber (natural) 

o 

Tin 

o 

Quinine 

o 

Antimony 

* 

Silk 

o 

Coconut oil 

o 

Tung oil 

* 

Linseed oil 

** 

Industrial 

diamonds 

o 

Quartz crystals 

* 

Coffee 

o 

Nickel 

o 

Manganese 

* 

Tungsten 

** 

Vanadium 

*•** 

Hides 

** 

Wool 

♦ * 

Jute 

o 

Mica 

* 

Chromium, soon 
to be inde- 
pendent 

Platinum 

* 

Bauxite for 
aluminum 


CHIEF SOURCE 

East Indies 
East Indies 
East Indies 
China 
Japan 

The tropics 
China 

Argentina 

Brazil and South Alrica 
Brazil 
Brazil 
Canada 
Brazil 
China 
Peru 

Argentina 

Argentina and Australia 

India 

India 

New Caledonia, Turkey, 
Cuba, South Africa, 
India, Russia 
Canada 

South America 


CHIEF USES 

Tires, etc. 

Bronze, bearings, tin-plating 

Antimalarial 

Type metal 

Clothing, powder bags, 
parachutes 
Soap 

Varnishes, paints, lithograph 
inks 

Paints and varnishes 

Cutting and grinding 
Radio and radar 
Morale builder 
Stainless steel 
Steel 

Steel (high-speed tools) 

Steel 

Leather 

Clothing 

Burlap 

Electrical insulation 
Stainless steel, etc. 

Catalyst, scientific apparatus 
Light metal 


Ihc sign ° means little or no production, *, small 
production, *** y very large production. 
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appendix 

It is true that our production of such necessary materials as copper, 
zinc, lead, paper, alcohol, and gasoline is enormous, yet the demands of 
World War II forced rationing of these items. It is predicted that our 
copper, lead and zinc ores will be exhausted in a life time. 



Sugar is also necessary, and we produce only 1,000,000 tons yearly 
from beets, but we can get the remaining 6,000,000 tons from near-by 
Cuba and Puerto Rico. 

Necessity stimulated the invention of substitutes for some of these 
materials, c.g., synthetic rubber for the natural product, yet it is ob- 
vious that great stock piles of most of them should be maintained for 
national defense and as insurance against unfair price increases by 
foreign monopolies. 

HYDROGEN-ION CONCENTRATIONS EXPRESSED IN pH 
VALUES 

The pH Notation. 1 It is now the custom among biologists and many 
chemists to express degrees of acidity and alkalinity in pH values in- 
stead of normalities. By the pH value is meant the logarithm of the 
number of liters of a solution which must be taken in order to contain 

1 Adapted from a pamphlet by VV. A. Taylor of the La Mottc Chemical Products 
Company. 
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1 gram-ion of hydrogen (1.008 g. of H + ). There is only 1 gram-ion of 
hydrogen in 10,000,000 liters of pure water for water is only minutely 
ionized. Since the log of 10,000,000 is 7 it is evident the pH value of 

pure water, or of a neutral solution, is 7. 

The pH values below 7.0, such as 6.0, 5.0, etc., denote acidity, the 
degree of acidity increasing as the numbers decrease. For example, if a 
small amount of HC1 is added to pure distilled water which has an 
H-ion concentration of 10~ 7 or a pH value of 7.0, the acid will dissociate 
into positive H ions and negative Cl ions. The total number ol H ions 
in the solution will, therefore, be greater than 10“', and the solution 
will therefore be acid. Suppose the H-ion concentration is found to be 

fOOP 000 ; in ° ther words ’ 1 ’ 000 ’ 000 litcrs contain 1 S ram ion of 

hydrogen. The pH value will be .he log of 1,000,000, which is 6.0. 
Similarly, if the H-ion concentration is ^ qqq > the pH value will be 

5.0, etc. It should be remembered that, since we are dealing with 
logarithmic values, a solution having a pH value of 6.0 contains 10 
times as many H ions as one having a pH value of 

7.0. Similarly, a solution of pH 5.0 contains 100 times 

as many H ions as one of pH 7.0. 

The pH scale indicates a measure of the actual or 
effective concentration of IT ions present in the solu- 
tion while normality indicates the grand total of actual 
and potential ions. 

Equal volumes of 0.1 N hydrochloric acid and 0.1 N 
acetic acid contain the same number of grams ol actual 
plus potential H + ions, yet the pH value of 0.1 N hydio- 
chloric acid is 1.0 and of 0.1 N acetic acid 2.9. This is 
simply a reminder that the number of II * ions actually 
present and effective is greater with the strong hydrochloric acid than 

with the weak acetic acid. 

An N/10 solution of acetic acid contains 0.1 g ol wmrahlr per liter. 
Electrical conductivity measurements show, however, that at 18 «... it 
is dissociated only to the extent of 1.36%. Hence the hydrogen-, on con- 
centration is 0.1 X 0.0136 = 0.00136 g. per liter. I his is equivalent to 
an N/735 solution of 1 1 ions. The pi I value of N 10 acetic acid is there- 

fore the log of 735, which is 2.86 
Since by the law of mass action 

Cone, of II Ions X Cone, of OH Ions = a Constant 


pH 

1 

2 

4 

6 

7 

8 
9 

10 


I l 


Neutral 

(Pure 

water) 


Y 
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it is apparent that as the H-ion concentration increases the OH-ion 
concentration must decrease, and vice versa. Even in a strongly alkaline 
solution there are, however, some H ions and, for the sake of simplicity, 
it is advisable to express both acidity and alkalinity in terms of pH 
values. 

These pH values may be determined by the Hydrogen Electrode or 
by use of a series of special indicators. In the following table Clark and 
Lubs show how to follow the range of pH values by trial with various 
indicators. 


COMMON NAMF. 

Thymol blue (acid range) 
Brom phenol blue 
Methyl red 
Brom cresol purple 
Brom thvmol blue 
Phenol red 
Cresol red 

Thymol blue (alkaline range) 
Cresol phthalcin 


COLOR CHANGE 

ACID-ALKALINE 

pH RANG!' 

Red-yellow 

1. 2-2.8 

Ycllow-rcd 

3.0— 4.6 

Rcd-vcllow 

4 

4. 4-6.0 

Yellow-purple 

5. 2-6.8 

Yellow-blue 

6.0-7. 6 

Yellow-red 

6. 8-8. 4 

Yellow-red 

7. 2-8.8 

Yellow-blue 

8. 0-9. 6 

Colorlcss-rcd 

8. 2-9. 8 


[ H + ] 

10° 

10 l 

10' 2 

10' 3 

10 H | 

10' 5 

10' 6 

10' 7 

10 8 


10' 10 

10'" 

10' 12 

10' 13 

10" u 

pH 

0 

D 

2 

3 

n 

5 

6 

a 

8 

9 

10 

11 

12 

13 

14 

pOH 

14 

13 

12 

11 

10 

9 

8 

D 

6 

5 

n 

3 

2 

a 

D 

[oh-] 

10' M 



10 13 

10' 12 ! 

10'" 

10' 10 

10' 9 

10' 8 

10' 7 

i 

ES 



10' 3 

10' 2 

10" 1 

10° 
— z — 


Strong Acid Neutral Solution Strong Base 

Fig. 187. 


Buffered Soloutions. Mixtures of weak acids and their salts or of 
weak bases and their salts are called buffered solutions because they are 
protected against change in hydrogen-ion concentration when small 
amounts of acids or bases arc added. Dilution changes the pH of 
buffered solutions very little. 

Acid solutions are buffered by addition of salts of weak acids, sodium 
acetate, for example, while basic solutions arc buffered by salts of weak 
bases such as ammonium chloride. Blood and fruit juices are buffered 
in their natural state. 

In the blood carbonic acid is buffered by NaHC0 3 , Na 2 HPO«, and 
Xal^POi so that the pH is held very closely to 7.4. If it drops below 
6.95 or rises above 7.7 death may result. 
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pH VALUES OF SOME FOODS 


Apples 

2. 9-3. 3 

Milk, cows 

6.3 -6.6 

Cabbage 

5. 2-5. 4 

Potatoes 

5.6 -6.0 

Cherries 

3. 2-4.0 

Spinach 

5.1 -5.7 

Lemons 

2. 2-2.4 

Strawberries 

3.0 -3.5 

Oranges 

3. 0-4.0 

Pure water 

7.00-7.00 


SOLUBILITY PRODUCTS AT 20° 


The solubility product is the equilibrium constant for the saturated solution 

of a solid strong electrolyte (slightly soluble). 


ELECTROLYTE 

K 


ELECTROLYTE 


K 


HgCl 

2 X 

10" 1 ' 

Fc(OH) s 

1.64 

X 

10-“ 

AgCl 

1.56 X 

io-'° 

Fc(OH)a 

1.1 

X 

10-3« 

AgBr 

4 X 

10" 11 

Mg (OH), 

1.2 

X 

10 - ' 1 

Agl 

1.5 X 

lO"'* 

Mn(OH), 

4 

X 

1 o - ** 



AI(OH), 

3.7 

X 

10- 1! > 

AgOH 

1.5 X 

10-” 


O C 


1 A — 4 r * 

BaCOa 

7 X 

10-' 

CuS 

8.3 

X 


CaCOa 

0.87 X 

10"' 

CdS 

3.6 

X 

1 0 

SrCOa 

1.6 X 

10“ J 

FeS 

3.7 

X 

10“ 19 

CaSOi 

6.1 X 

10" 1 

NiS 

1.4 

X 

1(1 

BaSO* 

0.87 X 

,0-»o 

ZnS 

1.2 

X 

Id”-' 

SrSO« 

2.8 X 

10-* 

HgS 

3 

X 

10 

PbCrO« 

3.3 X 

10"*' 

PbC-O, (oxalate) 

2. "4 

X 

10 11 

CaCaO« 

2.57 X 

1 0 ~ 9 

PbS 

>.*1 

X 

10 


PRESSURE (OR PENSION) OF WAFER VAPOR IN 
MILLIMETERS OF MER< l R\ 


TEMPERATURE 

0 ° 

5° 

10° 

12 ° 

15° 

16° 

17° 

18 ° 

19 ° 

20 ° 


PRESSURE 

4.6 

6.5 

9.2 

10.5 
12.8 

13.6 

14.5 

15.5 

16.5 

17.6 


I I MIM K \ 1 OKK 

PR 1 SSI 'HE 

1 1 ° 

18.7 

22° 

19.8 

25° 

21.0 

24° 

22.4 

25° 

23.8 

26° 

25.2 

27° 

26.7 

28° 

28.3 

29° 

30. 

30° 

31.8 
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SPECIFIC GRAVITY OF METALS 


Osmium 

22.48 

Chromium 

7.1 

Platinum 

21.45 

Tin 

7.1 

Gold 

19.32 

Zinc 

7.5 

Tungsten 

19.3 

Aluminum 

2.70 

Vanadium 

5.96 

Beryllium 

1.84 

Mercury 

13.55 

Magnesium 

1.74 

Lead 

11.34 

Calcium 

1.55 

Silver 

10.5 

Sodium 

0.97 

Copper 

8.93 

Potassium 

0.97 

Iron 

7.86 




MELTING POINTS OF METALS AND A FEW NON-METALS 


Mercury 

-38.87° C. 

Silver 

960.5° 

Cesium 

+ 28.3° 

Gold 

1063.0° 

Gallium 

30° 

Copper 

1083.0° 

Rubidium 

38.5° 

Manganese 

1260.0° 

Phosphorus 

44.10° 

Beryllium 

1 300° 

Potassium 

63° 

Silicon 

1420.0° 

Sodium 

97.7° 

Nickel 

1452.0° 

Sulfur (rhombic) 

112.8° 

Cobalt 

1480.0° 

Sulfur (monoclinic) 

119.0° 

Iron 

1535.0° 

Iodine 

114° 

Chromium 

1615.0° 

Lithium 

186.0° 

Vanadium 

1710.0° 

Selenium 

220.0° 

Platinum 

1755.0° 

Tin 

231.85° 

Uranium 

1850.0° 

Bismuth 

271.3° 

Rhodium 

1955.0° 

Cadmium 

320.9° 

Boron 

2300.0° 

Lead 

327.5° 

Iridium 

2350.0° 

Zinc 

419.4° 

Molybdenum 

2620° 

Tellurium 

452.0° 

Osmium 

2700.0° 

Antimony 

630.5° 

Tantalum 

3000° 

Magnesium 

651.0° 

Tungsten 

3370.0° 

Aluminum 

660.0° 

Carbon (graphite) 

3700.0° 

Calcium 

810.0° 



Barium 

850.0° 



Radium 

960.0° 





APPENDIX 


689 


WEIGHT IN GRAMS OF 1 

LITER OF VARIOUS 

GASES 

Air 

(Standard Conditions) 

12929 Hydrogen chloride 

1.6392 

Ammonia 

0.7710 

Hydrogen sulfide 

1.5390 

Argon 

1.7832 

Methane 

0.7168 

Carbon dioxide 0 

1.9769 

Nitric oxide 

1.3402 

Carbon monoxide 

1.2504 

Nitrogen 

1.2^03 

Chlorine 

3.2140 

Nitrous oxide 

1.9778 

Helium 

0.1785 

Oxygen 

1.4290 

Hydrogen 

0.0898 

Sulfur dioxide 

2.9269 

The density of C0 2 

referred to air i 

s 1 9769 = 1.53. 

1.2929 



THE ELECTRICAL CONDUCTIVI I V OF 
(International Annealed Copper Standard 


METALS 

100 ) 


MATERIAL 

Silver 

Copper 

Aluminum 

Magnesium 

Zinc 

Brass 

Nickel 

Tin 

Lead 


vo I t'MK 
CONDUCTIVITY 

105. 

100 . 

61. 

38.6 

29.7 
24.6 

22.1 

15.0 

7.8 


M ASS 

CONDUCTIVITY 
8 8. -2 
100.0 
200.7 

197.2 

37.2 
25.5 

22.1 

18.3 

6.1 


The values marked “volume conductivity" compare the elect. ical 

conductivities of equal lengths ol wire of the saim diamctei . u va 11 
marked “mass conductivity" compare tin- circuital con utmitu o 
pieces of wire of the same length and weight; ol coin sc, tin t i-un< 
vary inversely as the densities. Copper is given an arbitrary value ol 
100 in each case. Note that, weight for weight, aluminum has a higher 
conductivity than the other metals and alloys. 


STANDARD UNITS OF MEASURE 

The centimeter is 0.01 of the distance between two marks on a 
standard meter bar kept at the International Bureau of Weights and 

Measures. 
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The liter is the volume of 1 kilogram of water at maximum density. 

1 liter = 1000.027 cubic centimeters = 1000 milliliters 

The gram is 0.001 of a standard mass of 1 kilogram weight kept at 
the International Bureau of Weights and Measures. 

1 micron = 10 -3 mm. ( = 1 /x) 

1 millimicron = 10~ I * * * * 6 mm. ( = 1 m/x) 

There is a growing tendency to use 1 ml. (0.001 liter) as slightly more 
exact than 1 cc. 

CONVERSION TABLE 


Metric and English Systems 


1000 millimeters (mm.) 

= 

1 meter 

2.54 cm. 

= 

1 inch 

100 centimeters (cm.) 

— 

1 meter 

1 meter 

S 

39.37 inches 

10 millimeters 

— 

1 cm. 

1 liter 

— 

1.06 quarts 




1 gram 

= 

1 5.4 grains 

1000 grams = 1 kilogram 

(kg.) 

1 kilo 

— 

2.20 pounds 

1000 milliliter = 1 liter 



28.35 grams 

= 

1 ounce av. 

1 cu. ft. 

= 

28.32 liters 

1 pint 

— 

16 fluid oz. 

1 lb. av. 


453.59 g. 

1 teaspoon 

= 

4 cc. 

1 oz. av. 

- — 

28.35 g. 

1 gallon (U. S.) 


3785.4 ml. 

1 liter = 1.0567 liquid quarts 

1 gram 



(United States) 



(15.4 -f- grains) 

— 

0.0353 oz. 

1 gallon = 3.7853 liters 



28.3495 gram 

— 

1 oz. 

1 cm. 

= 

0.3937 in. 

1 kilogram 

— 

2.2046 lb. 

2.r>4 cm. 


1 in. 

0.4536 kilogram 

— 

1 lb. 

1 meter 

= 

3.28 ft. 

1 drop of water 

— 

1/20 ml. 

0.3048 meter 

— 

1 ft. 

1 tcaspoonful 

— 

4 ml. 




1 tablespoonful 

— 

16 ml. 

1 kilometer 

= 

0.6214 mi. 

1 fluid ounce 

— 

29.57 ml. 

1 .6093 kilometer 

= 

1 mi. 

1 cup 

ss 

240 ml. 


Note that 1 cc. and 1 ml. arc almost identical. 


I he rnetiic system is essentially a decimal system, making calcula- 

tions easier. As it is now, we in America are not consistent, for we use a 

decimal system of money, while machine-shop practice deals with a 

thousandth of an inch as well as the half, quarter, eighth, etc. 

It is interesting to note that the meter is about 10 per cent longer 

than the yard, the half-kilo (world pound) about 10 per cent heavier 


appendix byi 

than the common pound, and the liter about 5 per cent larger than the 
quart. 

A dime is about 1 mm. thick and weighs 2.5 grams. 


TABLE OF STABLE ISOTOPES (1944) 

In Order of Decreasing Abundance for Each Element (Fractions Disregarded) 


ATOMIC 

ELE- 

NUMBER 

MENT 

1 

H 

2 

He 

3 

Li 

4 

Be 

5 

B 

6 

C 

7 

N 

8 

O 

9 

F 

10 

Ne 

11 

Na 

12 

Mg 

13 

A1 

14 

Si 

15 ' 

P 

16 

S 

17 

Cl 

18 

A 

19 

K 

20 

Ca 

21 

Sc 

22 

Ti 

23 

V 

24 

Cr 

25 

Mn 

26 

Fe 

27 

Co 

28 

Ni 

29 

Cu 

30 

Zn 

31 

Ga 

32 

Ge 

33 

As 

34 

Sc 

35 

Br 

36 

Kr 

37 

Rb 


MASS OF ISOTOPES 

1 , 2 

4 

7, 6 
9 

11, 10 
12, 13 
14, 15 
16, 18, 17 

19 

20 , 22 , 21 

23 

24, 25, 26 
27 

28, 29, 30 

31 

32, 34, 33, 36 
35, 37 
40, 36, 38 

39, 41, 40 

40, 44, 42, 43, 48, 46 
45 

48, 46, 47, 49, 50 

51 

52, 53, 50, 54 
55 

56, 54, 57, 58 
59 

58, 60, 62, 61, 64 

63, 65 

64, 66, 68, 67, 70 
69, 71 

74, 72, 70, 73, 76 
75 

80, 78, 76, 82, 77, 74 
79, 81 

84, 86, 82, 83, 80, 78 

85, 87 


ATOMIC KLE- 
NUMBER MENT 


MASS OF ISOTOPES 


38 

Sr 

88, 86, 87, 84 


39 

Y 

89 


40 

Zr 

90, 92, 94, 91, 96 


41 

Cb 

93 

97, 

42 

Mo 

98, 96, 95, 92, 
94, 100 

43 

Te 

(?) 


44 

Ru 

102, 104, 101, 
100, 96, 98 

99, 

45 

Rh 

103 


46 

Pd 

108, 106, 105, 
104, 102 

110, 

47 

Ag 

107, 109 

110, 

108 

48 

Cd 

114, 112, 111, 
113, 11 6, 1 06, 

49 

In 

115, 113 

119. 

112, 

50 

Sn 

120, 118, 116, 
117, 124, 122, 
114, 115 

51 

Sb 

121, 125 

125, 

52 

Tc 

130, 128, 126, 


124, 122, 123, 

120 

53 

I 

127 

134, 

124, 

54 

Xe 

132, 129, 131, 
136, 130, 128, 
126 

55 

Cs 

133 

135, 

56 

Ba 

138, 137, 136, 
134, 130, 132 

57 

La 

139 


58 

Cc 

140, 142, 136, 138 

59 

Pr 

141 

143, 

60 

Nd 

142, 144, 146, 
145, 148, 1 50 

61 

Pm 

(?) 


62 

Sm 

152, 154, 147. 
148, 150. 144 

149, 
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ATOMIC 

ELE- 

MASS OF ISOTOPES 

ATOMIC 

ELE- 

MASS OF ISOTOPES 

NUMBER 

MENT 



NUMBER 

MENT 


63 

Eu 

153, 151 


78 

Pt 

195, 194, 196, 198, 

64 

Gd 

158, 160, 156, 

157, 



192 



155, 154, 152 


79 

Au 

197 

65 

Tb 

159 


80 

Hg 

202, 200, 199, 201, 

66 

Dy 

164, 163, 162, 

161, 



198, 204, 196 



160, 158 


81 

T1 

205, 203 

67 

Ho 

165 


82 

Pb 

208, 206, 207, 204 

68 

Er 

166, 168, 167, 

170, 

83 

Bi 

209 



164, 162 


84 

Po 

(?) 

69 

Tm 

169 


85 

At 

(?) 

70 

Yb 

174, 172, 173, 

176, 

86 

Rn 

(?) 



171, 170, 168 


87 

Fr 

(?) 

71 

Lu 

175, 176 


88 

Ra 

226, 228, 280, 232 

72 

Hf 

180, 178, 177, 

179, 



unstable 



176, 174 


89 

Ac 

(?) 

73 

Ta 

181 


90 

Th 

232(?) 

74 

W 

184, 186, 182, 

183, 

91 

Pa 

231 (?) 



180 


92 

U 

238, 235, 234. 233 

75 

Re 

187, 185 


93 

Np 

237 

76 

Os 

192, 190, 189, 

188, 

94 

Pu 

239 



187, 186, 184 


95 

Am 

241 (500 yrs.) 

77 

Ir 

193, 191 


96 

Cm 

242 (150 days) 


INDEX 


Abrasives, 133 
Absolute alcohol, 620 
Absolute temperature, 69 
zero, 64, 72 
Acetic acid, 624 
anhydride, 624 
Acetone, 624 
Acetylene, 587 
black, 131 
torch, 50 
Acidimctry, 236 
Acids, 213 

definition of, 193, 230, 232 
dibasic, 230 
monobasic, 230 
organic, 264 
Acid salts, 230 
Acids, bases, and salts, 213 
Acids and bases, modern theory, 
Activated alumina, 122, 342 
silica, 122 
Activity series, 99 
Adrenaline, 661 
Adsorption, 412 
Air, a mixture, 330 
liquid, 40, 333 
separation, 337 
Air conditioning, 333 
Alchemists, 22, 31 
symbols, 30 
Alcohol, 618 
ethyl, 619 

from petroleum, 620 
isopropyl, 594, 623 
methyl, 618 
sources of, 620 
structure of, 616 
Alcohols, 618 
Aldehydes, 623, 624 
Aliphatic series, 582 
Alkali metals, 530 
compounds of, 425 


Alkalimetry, 236 
Alkaline earth metals, 531 
compounds of, 437 
Alkyl groups, 592 
Alkylation, 592 
Allotropy, 53, 261 
Alloys, 556 
eutectic. 356 
special. 558 
table of, 561 
types ol. 53” 

Alloy steels, 566 
Alpha iron. 568 
Alpha particles, 302 
Aluminothcrmy. 510 
Aluminum, 52o, 539 
chloride, 47b 
compounds of, 468 
hydroxide, 469 
mirrors, 540 
occurrence, 520 
oxide, 468 
preparation, 520 
production. 522 
properties, 539 
pure, 540 
sulfate, 468 
uses, 540 
Alums. 471 
Alunite, 520 
Amalgamation, 523 
Amalgams, 560 
Americium, 325 
Amino acids, 637 
Ammonia, 34 } 

chemical properties, 345 
complexes, 453 
liquid, 346 

physical properties, 345 
preparation, 343, 345 
synthetic, 345 
uses, 347 
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Ammonium 

chloride, 349, 434 
hydroxide, 349, 435 
nitrate, 349, 435 
nitrite, 340 
salts, 349 
sulfamatc, 284 
sulfate, 435 
sulfide, 435 
tests, 435 
Ampere, 578 

Amphoteric hydroxides, 459, 469 
Amylase, 636 
Angstrom units 11, 665 
Anhydrides, 45, 201 
Aniline, 605 
Anion, 218 
bases, 232 
exchanges, 444 
Anode, 218 
Antibiotics, 662 
Antichlor, 274 
Antifreeze, 586 
Anti-knock, 183 
Antimony, 385 
history, 385 
occurrence, 385 
preparation, 386 
properties, 386 
salts, 386 
sulfides, 38^ 
thio-salts, 387 
tri fluoride, 187 
uses, 386 
ANTU, 663 
Appendix, 683 
Aqua regia, 456 
Arc process, 353, 362 
Argon, 335 

Aromatic hydrocarbons, 605 
ARRHF.Ntl'S, 214 
Arsenates, 384 
Arsenic, 382 
acids, 384 
occurrence, 382 
oxides, 383 
preparation, 382 
properties, 383 
thio-acids, 384 
trisulfide, 384 
uses, 383 
Arsine, 382 
Asbestos, 448 


Ascorbic acid, 660 
Association in liquids, 76 
Astatine, 320 
Atmosphere, 329, 337 
Atomic bomb, 321 
Atomic energy, 321, 324 
hydrogen, 95 
hydrogen flame, 95 
numbers, 296 
structure, 24, 310 
theory, 26, 310 
weights, front cover 
weights, development, 142 
Atoms, 21 
Bohr, 310 
excited, 670 
relative size, 87 
structure of, 24, 310 
tagged, 326 
Atom-smashing, 317 
Austenite, 568 
Avocadro, 73 
number, 145 


Babbitt rnetal, 558 
Bacteria, 637 
Bakelitc, 624, 656 
Baking powders, 429 
Baking soda, 429 
Balanced ration, 657 
Balloons, 98 
Barite, 444 
Barium, 578 
chloride, 437 
chromate, 487 
compounds, 444 
hydroxide, 445 
occurrence, 444 
oxides, 445 
sulfate, 444 
tests, 446 
Barometer, 62 
Bases, 210 

definition of, 230, 232 
Basic salts, 231 
Basic substances, 232 
Bauxite, 520 
Bearing metals, 558 
Becquerel, 300 
Benzene, 605 
Benzol, 606 
Beriberi, 661 


INDEX 
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Beryllium, 523, 531 
hydroxide, 449, 523 
Berzelius, 31 
Bessemer converter, 563 
Beta rays, 303 
Betatron, 318 
Bicarbonates, 137 
Bile, 657 
Bismuth, 387 
compounds, 388 
occurrence, 387 
preparation, 387 
properties, 387 
subnitratc, 388 
test, 388 
Blanc fixe, 445 
Blast furnace, 502 
gas, 505, 61 1 
Bleaching powder, 202 
Blue vitrol, 452 
Body-centered cube, 86 
Bohr atom, 310 
Boiling point, 77, 165 
rise, 165 

Bonderizing, 377 
Borax, 402 
beads, 402 
Boric acid, 401 
Boron, 400 
carbide, 1 33, 400 
occurrence, 401 
trifluoridc, 401 
Boyle, 61 
Bragg, 84 
Brass, 561 
Brick, 472 
Bromatcs, 205 
Bromine, 182 
preparation, 182 
uses, 183 

Brdnstcd theory, 244 
Bronze, 561 

Brownian movement, 406 
B.T.U., 48 
Buffer salts, 686 
Buna rubber, 602 
Butadiene, 602 
By-product coke oven, 607 

Cadmium, 508 
chloride, 462 
compounds, 462 
occurrence, 508 


properties, 508, 537 
sulfide, 462 
tests, 463 
uses, 537 

Calcium, 518, 533 
bicarbonate, 438 
bisulfite, 641 
carbide, 132 
carbonate, 438 
chloride, 440 
compounds, 437 
fluoride, 441 
hydroxide, 439 
occurrence, 438 
oxalate, 444 
oxide, 439 
preparation, 
properties, 533 
sulfate, 440 
tests, 444 
Calomel, 403 
Calorie, 4^ 

Calorimeter, 47 
Camphor, 646 
Cane sugar, 634 
Canni/./aro, 142 
Carbides, 132 
Carbohydrates, 632 
Carbolic acid (phenol), 608 
Carboloy, 548 
Carbon, 128 
black. 131 

chemical properties, 132 
cycle, 1 39 
dioxide, 139 
disulfide, 1 33 
monoxide, 138 
physical properties, 128 
tetrachloride, 1 34 
Carbonates, 1 37 
Carbonic acid, 136 
Carbonyls, 1 39 
Carborundum, 1 33 
Carnallite, 520 
Caroline, 659 
Cast iron, 505 
Cam ru n, 520 
Catalysts, 53 
Cathode, 218 
rays, 24 
Cation, 218 

exchangers, 444 
Cavendish, 117 
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Cells, 573 
dry, 573 
primary, 573 
standard, 574 
storage, 578 
Celluloid, 646, 650 
Cellulose, 632, 643 
acetate, 644, 646 
ethers, 646 
nitrates, 644 
Cement, 473 
Portland, 473 
Cemcntitc, 506, 568 
Centrifuge, 3 
Ceramics, 472 
Cesium, 426 
Chain reactions, 320 
Chalk, 438 
Change, 8 

chemical, 9, 10 
physical, 8 
Charcoal, 131 
Chemical change, 9 
energy, 4 
industries, 1 
problems, 56 
reaction, types of, 179 
warfare, 180 
Chemistry, definition, 2 
Chemotherapy, 661 
Chile saltpeter, 339 
China ware, 472 
Chlorates, 204 
Chloric acid, 203 
Chlorine, 171 

chemical properties, 176 
dioxide, 203 
electrolytic, 175 
history of, 171 
isotopes, 312 
occurrence, 172 
physical properties, 176 
preparation, 172 
tests, 181 
uses, 180 
Chloroform, 179 
Chloroplatinic acid, 500 
Chlorous acid, 203 
Chromates, 486 
Chromatographic analysis, 414 
Chrome steel, 567 
Chromic acid, 486 
Chromic chloride, 484 


compounds, 483 
hydroxide, 484 
Chromium, 509, 547 
chromite, 509 
compounds, 483 
metallurgy, 509 
occurrence, 509 
salts, 483 
tests, 487 
uses, 547 

Chromous compounds, 484 
Cinnabar, 515 
Claude-Habcr process, 353 
Clay, 472 

Cleansing by soap, 414 
Coal, 130 
gas, 608 
tar, 607 
tree, 609 
Cobalt, 550 
chloride, 498 
compounds, 498 
ores, 5 1 1 
properties, 550 
salts, 498 
tests, 499 
Coke, 130 
ovens, 607 
Colloidal state, 404 
arsenic sulfide, 410 
ferric hydroxide, 410 
gold, 410 

Colloid chemistry, 404 
mills, 407 
Colloids, 404 
adsorption, 412 
coagulation, 415 
columns, 414 
dialysis, 411 
dispersions, 404 
clcctric-chargc, 407 
emulsions, 409 
films, 417 
gels, 415 
hydrated, 416 
hydrophilic, 418 
isoelectric point, 417 
preparation, 407 
protective, 415 
soaps, 416 
solvated, 416 
wetting agents, 417 
Column stills, 619 
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Combining weights, 16, 18, 20 
Combustion, 46 
heat of, 47 
spontaneous, 51 
Common-ion effect, 256 
Complex cyanides, 423 
Complex salts, 471 
Compounds, 5 
of metals, 422 
Concentration, 153 
Concrete, 474 

Conductivity and ionization, 226 
Conjugate acids and bases, 244 
Constant-boiling-point acid, 191 
Contact process, 280 
Conventional molecule, 222 
Conversion table, 690 
Coolidge, 300 
Coordinate covalence, 1 1 3 
Coordinate number, 658 
Coordination compounds, 485 
Copper, 513, 534 

ammonia compounds, 453 
complex cyanides of, 453 
compounds, 451 
converters, 515 
matte, 515 
metallurgy, 514 
occurrence, 513 
properties, 534 
refining, 452 
tests, 454 
uses, 534 

Corrosion, electrolytic, 574 
Corrosive sublimate, 465 
Cosmetics, 631 
Cotton, 643 
Coulomb, 577 
Covalence, 1 1 1 
Cracking, 589 
Creosote, 608 
Critical pressure, 43, 72 
temperature, 43, 72 
Crookes, 299 
Cryolite, 521 
Crystal lattice, 84 
electrical effects, 86 
structure, 83 
systems, 81 
Cupric cyanides, 453 
hydroxide, 451 
ion reactions, 454 
oxide, 452 


sulfate, 452 
sulfide, 267 
Cuprous chloride, 471 
oxide, 451 

Curie, Irene (Joliot), 316 
Madame, 301 
Pierre, 301 
Curium, 325 
Cyanamid process, 353 
Cyanides, 423 
Cyclotron, 317 

Dalton, 22 
Daniell cell, 573 
Daw, 171, 206, 518 
Debye-Huckel theory, 221 
Decomposition potentials, 576 
Deliquescence, 166 
Density, 117 
of gases, 689 
Detergents, 629 
Deuterium, 93 
oxide, 94 
Dcuterons, 316 
Dcvillc, 520 
Dewar bulb, 334, 335 
Dextrose, 634 
Dialysis, 41 1 
Diamond, 82, 129 
Dibasic acids, 230 
Dichromates, 486 
Dielectric heating, 651 
Diesel engines, 66 
Diffraction gratings, 83 
Diffusion of gases, 69 
Digestion, 656 
Dihydrol, 119 
Dimorphism, 82 
Dipoles, 152 
Distillation, 78 
Distribution law, 160 
Dobereiners triads, 289 
Dolomite, 518 
Double decomposition, 179 
Double salts, 471 
Downs cell, 207 
Dry cells, 573 
Dry ice, 1 35 
Drying agents, 1 22 
Drying of paint, 50 
Duralumin, 561 
Duriron, 362 
Dust, 332 
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Dust explosions, 53 
precipitation, 420 
Dyes, 648 
direct, 649 
indigo, 649 
mordant, 649 
Dynamite, 645 

Edison cell, 580 
Effective fraction ionized, 227 
Efflorescence, 122 
Einstein’s equation, 324 
Electric cells, 572 
energy, 577 
furnace, 566 

Electricity, current of, 217 
Electrochemistry, 571 
Electrolysis, 217 

of fused salts, 206, 214 
of water, 41 


366. 

Electron microscope, 667 
Electron, 25 
orbits, 26 
sharing, 112 
transfer, 27, 1 1 1 
Electron transfer in electrolysis, 220 
Elcctrovalcncc, 1 1 1 
Elements, 5, 6 

allotropic forms of, 55 
artificial disintegration of, 317 
in earth's crust, 7 
Emulsions, 409 
Enamels, 400 
Endothermic, 46 
Energy, 4 

levels, front cover, 671 
sources, 612 
transformations, 4 
Enzymes, 635 
Epsom salts, 448 
Equations, 33 

electronic balancing of, 196, 366 
Equilibrium, 249 
Equilibrium constant, 253 
effect of catalyst, 251 
pressure, 256 
temperature, 250 
Equivalent weights, 162 


INDEX 

Ergosterol, 660 
Esters, 625 
Ethanol, 619 
Ethereal salts, 625 
Ethers, 623 
Ethyl acetate, 625 
alcohol, 619 
Ethylene, 585 
bromide, 183 
glycol, 586, 622 
Ethyl gas, 183 
Eutectic, 556 
Evaporation, 77 
Excited atoms, 670 
Exothermic, 46 
Explosives, 644 

Face-centered cube, 86 
Faraday, 220, 343 
Fats, 626 

hardened, 98 
Fchling’s solution, 451 
Feldspar, 475 
Fermentation, 635 
Ferric chloride, 496 
compounds, 496 
hydroxide, 497 
oxide, 496 
sulfate, 497 
Ferrite, 568 
Ferromanganese, 510 
Ferrous chloride, 495 
compounds, 495 
sulfate, 496 
sulfide, 268 
Fertilizers, 355 
Fibers, 648 
Films, 417 

monomolccular, 417 
Fischcr-Tropsch process, 595 
Fixed nitrogen, 352 
Flame, 612 
Flotation, 417 
Fluorescence, 676 
Fluorine, 185 

preparation, uses, 186 
Fluorspar, 441 
Fluorosulfonic acid, 284 
Flux, 506 
Fog tracks, 303 
Food and nutrition, 655 
fuel value, 657 
Formaldehyde, 623 


Electromotive force, 574 
series, 572 

Elcctroncutrality of solutions, 217 
Electronic balancing of equations, 196, 
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Formic acid, 624 
Formulas, 31 

determined from analysis, 35, 36 
Francium, 320 
Frasch, 179 

Freezing-point lowering, 164 
of liquids, 79 
Freon, 187, 387 
Froths, 417 
Fuel gas, 608 
Fused electrolytes, 214 

Galena, 517 
Gallium, 475 
Galvanizing, 537 
Gamma rays, 304 
Gas (and gases), 61 
blast-furnace, 505 
coal, 508 
density of, 689 
high-octane, 596 
kinetic theory of, 70 
liquefaction of, 72 
marsh, 584 
mustard, 180 
natural, 584 
oil, 611 
producer, 610 
tear, 180 
warfare, 180 
water, 610 

weight of 1 liter, 689 
Gasolene, 588 
from coal, 595 
high-octane, 596 
Gay-Lussac, 141 
Geiger counter, 326 
Gels, 415 
Glass, 396 
bricks, 399 
non-shattering, 398 
optical, 398 
plate, 398 
pyrex, 398 
structure of, 87 
tempered, 398 
textiles, 398 
Glauber’s salt, 430 
Glucose, 634 
Glycerine, 622 
Glyceryl oleate, 526 
Glycol, 622 
O.M.V., 144 


Goitre, 185 
Gold, 524, 535 
compounds, 456 
metallurgy, 524 
properties, 535 
uses, 536 
Goodyear, 599 
Graphite, 129 

“Green Leaf Laboratory,” 604 
Guncotton, 644 
Gunpowder, 433 
Gypsum, 445 

Haber process, 353 
Half reactions, 173 
Hall, Charles M., 221 
Halogen family, 171 
acids, 193 

catalytic preparation of, 196 
heat of formation, 196 
uses, 197 

oxygen acids of, 200 
tests, 181, 183 
Hardened fats, 98 
Hardness of water, 441 
permanent, 442 
temporary, 441 
Heat of combustion, 47 
of condensation, 77 
of formation, 501 
of fusion, 1 18 
of neutralization, 235 
of vaporization, 77 
Heat-treatment, 568 
Heavy water, 19, 94 
Helium, 336 
Hematite, 502 
Hexagonal system, 82 
Hexametaphospliate, 380 
High altitude Hying, 329 
High-octane gasoline, 596 
High vacuua, 63 
Hil l EI'RANO, 336 
Homologous series, 582 
Hormones, 661 
Horsepower, 57} 

Hot-cathode tube, 300 
Humidity, 331 

Hydrates, 120 
Hydrazine, 350 
Hydrides, 94, 298, 424 
Hydriodic acid, 193 
Hydrobromic acid, 193 
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Hydrocarbons, 615 
Hydrochloric acid, 189 
Hydrocyanic acid, 432 
Hydrofluoric acid, 197 
Hydrogen, 89 
atomic, 95 
bonds, 194 

chemical properties, 94 
heavy, 93 

manufacture of, by 
coke-oven process, 92 
electrolysis, 91 
hydrocarbon process, 92 
water-gas process, 91 
occurrence, 89 
physical properties, 93 
preparation of, 89 
uses, 97 

Hydrogenations, 98, 591 
Hydrogen bridges, 114 
Hydrogen bromide, 193 
Hydrogen chloride, 189 
chamical properties, 192 
physical properties, 191 
preparation, 189 
tests for, 192 
uses, 192 

Hydrogen electrode, 575 
Hydrogen fluoride, 197 
Hydrogen iodide, 193 
Hydrogen peroxide, 124 
preparation, 124 
properties, 125 
tests for, 126 
Hydrogen sulfide, 264 
chemical properties, 265 
cracking of, 266 
ionization, 266 
physical properties, 265 
preparation, 264 
uses, 267 
Hydrolysis, 237 
Hydrometer, 139 
Hydronium ion, 244 
Hydroponics, 347 
Hydrotropic solutions, 161 
Hydroxides, 422 
Hydroxylamine, 350 
Hypo, 455 

Hypochlorous acid, 200 


Indicators, 237 

Indigo, 649 

Indium, 475, 543 

Infrared, 674 

Inks, 496 

Insecticides, 383 

Intcrmctallic compounds, 558 

Inulin, 635 

Iodates, 205 

Iodine, 189 

Ionic displacement, 240, 571 
equilibrium, 253 
radii, 87 

reactions, 226, 233 
reaction types, 179 
theory 213, 226 
Ionization, 213 

and conductivity, 226 
complete, 221 
constants, 254 
equilibrium, 216 
fraction ionized, 227, 228 
influence of solvent, 239, 242 
of fused salts, 206, 214 
Ionization constant, 254 
Iridium, 500, 553 
Iron, 502 
alpha, 568 
cast, 505 

complex cyanides of, 497 
compounds, 495 
gamma, 568 
malleable, 506 
metallurgy, 502 
occurrence, 502 
pig, 505 
properties, 549 
pyrites, 271 
tests for, 498 
uses, 498 
wrought, 506 
Isoelectric point, 415 
Isomers, 583 
Isometric system, 81 
Isomorphism, 82 
Iso-octane, 597 
Isoprene, 600 

Isopropyl alcohol, 594, 623 
Isotopes, 306, 312 
table, 691 


Ice, 118 
Ideal gas, 146 


Javclle, water, 201 
Jellies, 415 
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Joliot (Irene Curie), 316 
Joule, 577 

Kaolin, 472 

Kelly, 563 

Kerosene, 588 

Ketones, 624 

Kilowatt hours, 578 

Kinetic theory of gases, 70 

Krypton, 337 

Lacquers, 646 
Lactose, 633 
Lampblack, 131 
Langmuir, 310 
Lattice, crystal, 84 
Lauk, 83 

Laughing gas, 367 
Lavoisier, 39, 117 
experiment, 37 
Law 

of Avogadro, 73 
of Boyle, 61 
of Charles, 64 
of conservation of energy, 5 
of conservation of mass, 10, 21 
of definite composition, 14, 21 
of distribution, 160 
of Dulong and Petit, 147 
of Faraday, 220 
of Gay-Lussac, 141 
of Graham, 69 
of Henry, 1 58 
of Lc Chatelier, 250 
of mass action, 251 
of multiple proportions, 17 
of partial pressures, 68, 159 
of van’t Hoff, 250 
Lawrence, 317 
Lead, 517, 544 

chamber process, 276 
chloride, 481 
chromate, 487 
compounds, 480 
dioxide, 480 
disulfatc, 580 
iodide, 481 
metallurgy, 517 
monoxide, 480 
occurrence, 517 
oxides, 480 
pencils, 000 
properties, 544 
red, 481 


refining, 517 
storage battery, 578 
tetraethyl, 183 
uses, 546 
white, 481 

LcBlanc process, 427 
Le Chatelier s principle, 250 
Levulosc, 635 
Lewis, 309 
Light, 665 

chemical effects, 670 
infrared, 676 
octaves, 665 
quanta, 668 
ultra-violet, 673 
Lignin, 641 
Lime, 439 
uses, 439 
Limestone, 439 
Lime sulfur, 270 
Lipase, 657 

Liquefied refinery gases, 596 
Liquid air, 40, 383 
Liquids, 76 
associated, 76 
Litharge, 480 
Lithium, compounds, 427 
Lithopone, 460 
Low temperatures, 6" 

Lunar caustic, 455 
Lye, 433 

Magnesia mixture, 448 
Magnesite, 518 
Magnesium, 518, 531 

ammonium phosphate, 448 
carbonate, 447 
cements, 447 
chloride, 447 
compounds 447 
hydroxide, 447 

nitride, 423 
occurrence, 518 
oxide, 447 
preparation* 518 
properties, 547 
sulfate, 448 
tests, 449 
uses, 547 
Malachite, 513 
Mall, 636 
Maltase, 636 
Maltose, 633 
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Manganates, 490 
Manganese, 510, 547 
compounds, 488 
dioxide, 489 
metallurgy, 510 
occurrence, 510 
properties, 547 
salts, 488 
steel, 566 
sulfide, 489 
tests, 491 
Marsh test, 382 
Mass, change to energy, 323 
Mass action, 251 
Mass spectrometer, 312 
Matches, 374 
Matte, 515, 577 
Matter, 3 
Matter waves, 666 
Melting point, 86 
of metals, 688 
MeNDELEEFF, 290 
Mercuric chloride, 464 
compounds, 462 
fulminate, 462 
iodide, 465 
ion reactions, 466 
nitrate, 465 
oxide, 464 
sulfate, 466 
sulfide, 466 
tests, 466 

Mercurous chloride, 463 
compounds, 463 
nitrate, 463 
sulfate, 464 
Mercury, 515, 537 
compounds, 462 
fulminate, 462 
metallurgy, 575 
occurrence, 515 
properties, 587 
tests, 466 
uses, 538 

Mesothorium, 308 
Mesons, 327 

Metallic compounds, 556 
Metallography, 55“* 

Metals, 422 
active, 527 
activity series, 99 
bearing, 558 
colored, 529 


compounds, 422 
conducting, 529 
corrosion-resistant, 527 
ductile, 528 

extraction from ores, 501 
malleable, 528 
melting points, 688 
strong, 529 
properties, 526 
uses, 526 

Metaphosphoric acid, 377 
Metastannic acid, 479 
Meteors, 6 
Methane, 584 
Methanol, 618 
Methyl alcohol, 618 
Methyl orange, 237 
Metric system, 10, 690 
Mica, 395 

Microcosmic salt, 379 
Microgram, 1 1 
Minerals in foods, 656 
Minium, 481 
Mirrors, 455, 535 
Moissan, 185, 

Molal solutions, 164 
Molar solutions, 164 
Molar volume, 144 
Molecular weights, 141 
Molecule, conventional, 222 
Molecules, 23 
Molybdenum, 516 
compounds, 493 
Molybdic acid, 493 
Monel metal, 561 
Monohydrol, 119 
Monomers, 601 
Monolecular films, 417 
Mordants, 649 
Mortar, 440 
Moseley, 296 
Motor fuels from coal, 595 
Muriatic acid, 189 
Mustard gas, 180 

Natural gas, 584 
Nelson cell, 209 
Neon, 337 
Neoprene, 602 
Neptunium, 325 
Ncsslcr's solution, 465 
Neutralization, 211, 234 
Neutrons, 20, 316 
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Newlands, 289 
octaves of, 290 
Nichrome, 561 
Nickel, 515, 550 
compounds, 499 
metallurgy, 515 
occurrence, 515 
properties, 550 
steel, 567 
tests, 499 
uses, 550 

Nicotinic acid, 666 

Nitrates, 361 
tests, 367 

Nitric acid, 361 

action on metallic oxides, 364 
on metals, 364 
on non-metals, 364 
on organic compounds, 364 
oxidation by, 365 
preparation, 361 
arc process, 362 
Ostwald ammonia process, 363 
properties, 364 
Nitric oxide, 359 
Nitrided steel, 567 
Nitrites, 367 
Nitrobenzene, 605 
Nitrocellulose, 644 
Nitrogen, 339 

chemical properties, 341 
cycle, 392 
dioxide, 359 
fixation, 352 
fixation by bacteria, 355 
history, 339 
occurrence, 339 
oxides, 358 
pentoxide, 360 
physical properties, 340 
preparation, 340 
trioxide, 360 
Nitroglycerine, 365 
Nitrous acid, 367 
Nitrous oxide, 358 
Normal potentials, 574 
Normal solutions, 162 
Nuclear chemistry, 315 
Nutrition, 655 
Nylon, 647 

Octane nurnl>er, 596 
Octaves of light, 665 


Octet theory, 309 
Oersted, 520 

Oil, 

cottonseed, 627 
linseed, 627 
soybean, 627 
tung, 627 
Oil gas, 61 1 
Oil shales, 344, 595 
Old Dutch process, 481 
Olein, 626 
Oleomargarine, 626 
Open-hearth process, 564 
Ore flotation. 41 
Organic acid, 61 
Organic chemistry, 582 
Orthophosphoric acid, 3/5 
Osmium, 500, 553 
Osmotic pressure, 167 
Ostwald process, 347, 363 
Oxidation, 40 

Oxidation and reduction, 114 

Oxides, 422 
Oxyacctylenc torch, 50 

Oxygen, 38 

carbon dioxide balance, 331 

chemical properties, 43 

liquid, 40 

occurrence, 40 

physical properties, 42 

preparation, 40 

uses, 50 

Oxyhydrogen blowpipe, 50 
Oxyhydrogcn torch, 50 
Ozone, 54 

atmospheric, 54, 58 
occurrence, 54 
preparation, 55 
properties, 54 
uses, 55 
tests, 55 

Paint, drying of, 50 
white lead, 481 
Palladium, 500, 552 
Palmitin, 626 
Paj>ei\ 641 
Parkes process, 310 
pearlite, 568 
Pectin, 416 
Penicillin, 639, 662 
Peptization, 407 
Perchlorates, 205 
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Periodic system, 290 
Permalloy, 550 
Permanganates, 490 
Peroxides, 126 
Per salts, 126 
Pcrsulfuric acid, 125 
Petroleum, 588 
alkylation, 592 
aromatization, 592 
chemicals, 594 
cracking, 589 
distillation, 589 
hydrogenation, 591 
isomerization, 592 
production, 588 
reactions, 592 
refining, 588 
Phenol, 608 
Phenolphthalcin, 237 
Phlogiston, 46 
Phosgene, 180 
Phosphate, 377 
disodium, 388 
fertilizers, 381 
monosodiuin, 378 
rock, 381 
tests, 380 
trisodium, 378 
Phosphine, 381 
Phosphoric acids, 375 
Phosphorus, 372 
acids of, 374 
occurrence, 372 
oxides, 374 
pcntachloridc, 374 
preparation, 373 
properties, 373 
red, 374 
sulfide, 374 
trichloride, 374 
white, 373 

Phosphotungstic acid, 493 
Photochemistry, 665 
of plants, 673 
Photography, 671 
pH values, 684 
Physical change, 9 
Physics, 4 
Pig iron, 505 
Pitchblende, 301 
Plant food, 352, 355 
Plaster of Paris, 440 
Plastics, 650 


Platinum, 531 
chloride, 500 
compounds, 500 
Plumbers’ solder, 559 
Plumbic acid, 480 
Plutonium fission, 322 
Plywood, 651 
Poison gas, 180 
Polar compounds, 152 
Polar solvents, 223 
Polonium, 301 
Polymerization, 601 
Polysulfidcs, 269 
Porcelain, 473 
Portland cement, 473 
Positive-ray analysis, 148, 312 
Positron, 327 
Potash, 433 
Potassium, 530 
carbonate, 434 
chlorate, 41, 204 
chloride, 433 
compounds, 433 
cyanide, 453 
dichromatc, 433 
ferricyanide, 497 
fcrrocyanidc, 497 
nitrate, 433 
occurrence, 433 
permanganate, 490 
tests, 434 
tetroxide, 434 
truodidc, 184 
uses, 530 

Potentials, normal, 574 
of metals, 574 
Pottery, 472 
Powder metallurgy, 524 
Precipitation, electric, 420 
Preparation of metallic compounds, 422 
Prikstlky, 38, 189, 271 
Primary cell, 573 
Problems, solving, 99 
Producer gas, 610 
Propane-butane gas, 596 
Properties, 8 
Protactinium, 308 
Protein, 655 
Proton, 15, 316 
Prussian blue, 498 
Prussic acid, 432 
Puddling furnace, 506 
Pyrex glass, 398 
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Pyrolusitc, 510 
Pyrophoric lead, 50 
Pyrophosphoric acid, 377 
Pyrosulfuric acid, 283 
Pyroxylin, 644 

Quanta, 669 
Quartz, 392 
Quicklime, 439 

Radiation chemistry, 665 
Radicals, 107 
Radii of ions, 87 
Radio, 28 
Radioactivity, 301 
induced, 325 
Radium, 301 
compounds, 449 
disintegration, 306 
energy of, 307 
industry, 308 
rays, 302 
uses, 307 
Radon, 304 
Ramsay, 304, 335 
Rare earths, 291, 475 
Rare gases, 335 
Rayon, 647 
Rays, 

alpha, 302 
Bccqucrcl, 300 
beta, 303 

electron, 24, 85, 667 
gamma, 304 
radium, 302 
Rontgen, 299 
X-rays, 24, 299 
Reaction, speed of, 51, 250 
reversible, 95 
Red lead, 401 

Red phosphorus method, 195 
Reduction, 114 
Refrigeration, 274, 347 
Resins, synthetic, 650 
Reversible reactions, 95 
Riboflavin, 660 
Rontgen rays, 299 
Rubber, 599 
synthetic, 600 
Rubidium, 426, 449 
Rust, 574 

Rutherford, 304, 315 


Safety lamp, 613 
Sal soda, 429 
Saltpeter, 433 
Salts, 230 
acid, 230 
basic, 231 
buffer, 686 
complex, 471 
definition, 230 
double, 4^1 

preparation 198, 231, 423 
Saponification, 628 
Saran, 652 
ScHEELE, 38, 171 
Scurvy, 661 
Scarles Lake, 403 
Selenium, 284 
Silica, 392 
Silica gel, 122 
Silicate minerals, 395 
Silicic acids, 391 
Silicon, 390 
carbide, 133 
dioxide, 392 
occurrence, 391, 395 
preparation, 391 
properties, 391 
tetrachloride, 391 
tetri fluoride, 391 
Silicones, 390 
Silver, 516, 534 

amalgamation, 523 
bromide, 451, 671 
by cyanide process, 524 
by Parkes process, 516 
chloride, 454 
compounds, 454 
fulminate, 455 
halides, 454 
iodide, 454 
ion reactions, 456 
metallurgy, 516 
nitrate, 455 
occurrence, 516 
oxide, 4 54 
properties, 534 
tests, 456 
uses, 535 
Slag, 505 
Smoke, 419 
Soaps. 627 

cleansing action of, 414 
Soapstone, 518 
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Soda ash, 427 
Sodium, 206 
aluminate, 469 
amalgam, 208 
bicarbonate, 429 
carbonate, 427 
chloride, 426 
chlorite, 203 
compounds, 426 
cyanide, 432 
dithionitc, 275 
hydrosulfitc, 275 
hydroxide, 208, 210 
hypochlorite, 202 
iodatc, 205 
nitrate, 361, 377 
perborate, 402 
peroxide, 42 
preparation, 206 
properties, 207 
silicate, 394 
sulfate, 430 
sulfide, 431 
sulfite, 430 
tests, 432 
thioarsenate, 384 
tliioarscnitc, 384 
thiosulfate, 431 
uses, 207 
zincatc, 458 
Softening water, 442 
vSoil fertility, 420 
Solid s, 79 
Solubility, 153 
curves, 1 56 

of gases in liquids, 1 58 
of liquids in liquids, 157 
of liquids in water, 153 
temperature effect, 1 54 
Solubility product, 255, 687 
Solute, 153 

Solution equilibrium, 250 
Solutions, 150 
colloid, 404 

critical temperature of, 158 

molal, 164 

molar, 164 

normal, 162 

polar, 152 

saturated, 154 

solid, 151 

supersaturated, 154 
typos of, 151 


Solvay process, 427 
Solvent, 153 

Solvent effect of polar liquids, 239 

Specific heat, 147 

Spectra, 

bright line, 679 
dark line, 680 
Speed of reaction, 51 
Spinthariscope, 303 
Spontaneous combustion, 51 
Stainless steel, 567 
Standard cells, 574 
Stannic acid, 479 
chloride, 479 
compounds, 479 
tests, 479 

Stannous chloride, 477 
compounds, 477 
hydroxide, 478 
sulfide, 478 
Starch, 632 
States of matter, 76 
Stearin, 626 
Steel, 562 
alloy, 566 
Bessemer, 563 
chrome, 567 
heat-treatment of, 568 
manganese, 566 
nickel, 567 
nitrided, 567 
open-hearth, 564 
stainless, 567 
tungsten, 566 
vanadium, 567 
Stellite, 559 
Stibnite, 385 
Storage batteries, 578 
Strategic materials, 683 
Strontium, 438 
hydroxide, 446 
nitrate, 446 
tests, 446 

Structural formula, 368 
Structure of atom, 24, 310 
Sublimation, 81, 185 
Substances, 5 
Substitution, 179 
Sucrose, 634 
Sugars, 632 
Sulfamic acid, 284 
Sulfanilamide, 606 
Sulfites, 274 
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Sulfo-acids, 384, 387 
Sulfur, 259 

amorphous, 261 
chemical properties, 262 
crystalline, 261 
milk of, 262 
occurrence, 259 
physical properties, 261 
preparation, 259 
statistics, 260 
uses, 263 
wells, 260 
Sulfur dioxide, 271 

chemical properties, 273 
physical properties, 272 
preparation, 271 
uses, 274 

Sulfuric acid, 275 
oil of vitriol, 281 
pcrsulfuric, 283 
preparation, 276 
properties, 281 
pyrosulfuric, 283 
thiosulfuric, 283 
uses, 282 

Sulfurous acid, 274 
Sulfur trioxidc, 275 
Superconductivity, 68 
Superphosphate, 381 
Surface tension, 78 
Symbols, 31 

Synthetic ammonia, 353 
resins, 650 
rubber, 650 

Tagged atoms, 326 
Tantalum, 512, 552 
Tartar emetic, 386 
Tear gas, 1 80 
Technetium, 320 
Tellurium, 284, 287 
Termites, 653 
Tetraethyl lead, 183 
Tetragonal system, 81 
Thallium, 475 
Thermit process, 510 
Thermometer scales, 61 
Thiamine, 660 
Thio-aeids, 384, 387 
I hiosulfuric acid, 283 
Thomson, 25 
Thorium decay, 308 
Thyroxine, 185 


Tin, 508, 543 
compounds, 477 
metallurgy, 509 
occurrence, 508 
properties, 543 
tests, 479 
uses, 544 
Titration, 235 
T.N.T., 607 
Toluene, 607 
Tracer elements, 326 
Transition points, 156 
Transmutation of elements, 319 
Triclinic system, 82 
Trihydrol, 119 
Tritium, 94 
Tungsten, 511, 548 
carbide, 133, 548 
compounds, 493 
lamp filaments, 548 
properties, 548. 566 
steel, 566 

Turnbull's blue, 498 
Types of reaction, 179 
Typhoid, 124 

Ultra-violet light, 6 3 
Units of measurement, 690 
Unsaturatcd hydrocarbons, 585 
Uranium, 54 1 , 671 
compounds. 493 
fission, 320 
pile. 320 
Urea, 615 
Umky, 93 

Vacuum, high, 63 
distillation, "8 
Valence, 104 

coordinate covalence, 1 13 
covalence, 1 1 I 
definition, 106 

electrovalence, 111 

of radicals. 107 

positive and negative, 113 

table, 108 

Vanadium, 510, 548 
catalyst, 280 
compounds, 492 
steel. 56 7 

Van der Waals % equation, H 

V anT Hoi f. 250 

Vapor pressure of solids, 80 
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Vapor tension, 78, 165 
Vinegar, 625 
Vinyl chloride, 586 
Viostcrol, 660 
Viscose silk, 647 
Viscosity, 79 
Vitamins, 659 
influences, 661 
table, 660 
Vitriols, 281, 452 
Volt, 577 

War gases, 1 80 
Water, 1 1 7, 394 

boiling point of, 118 

chemical properties, 120 

density, 117 

gas, 610 

hardness of, 442 

heat of vaporization, 118 

heavy, 119 

natural, 123 

occurrence, 1 1 7 

of crystallization, 120 

physical properties, 117 

purification, 123 

softening, 442 

specific heat, 118 

tests, 120 

vapor tension of, 165 
Water gas, 610 
Water glass, 394 
Water softening, 442 
Watt, 578 

Weights, combining, 16, 18, 19, 20 


INDEX 

equivalent, 162 
molecular, 146 

Werner’s coordination theory, 483 

Wetting of solids, 417 

Whisky, 636 

White lead, 481 

Wilson, 302 

Wohler, 615 

Wood ashes, 433 

Wood’s metal, 561 

Wrought iron, 506 

Xenon, 337 
X-ray, 24, 83, 299 
spectra, 85 

Yeast, 621, 635 

Zeolites, 443 
Zinc, 507, 536 
chart, 461 
chromate, 487 
compounds, 458 
galvanizing, 635 
hydroxide, 458 
ion reactions, 461 
metallurgy, 508 
occurrence, 507 
oxide, 458 
perborate, 126 
peroxide, 126 
properties, 536 
sulfide, 460 
tests, 461 
uses, 536 
Zymase, 636 
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